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L i s t  o f p u b l ic a t io n s
Summary
Two ty p e s  o f s in g le  mode th in  f i lm  Bragg d e f le c to r s  w ere 
in v e s t ig a te d  : p e r io d ic  index  w aveguides (w ith  th e  g u id in g  la y e r s  
p o s e s s in g  p a r a l l e l  b o u n d a r ie s )  by d i f f u s io n  th rough  a m e ta l l i c  
g ra t in g  mask; and p e r io d ic  th ic k n e s s  (corrugated) w aveguides by 
fo rm in g  p h o t o r e s i s t  g r a t i n g s  on to p  o f  th e  w a v eg u id e s  ( f o u r -  
la y e r e d  d e v ic e s ) ,  o r  w i th  th e  r e l i e f  p a t t e r n s  io n -b eam  e tc h e d  
(u s in g  a rg o n  io n s )  d i r e c t l y  o n to  th e  s u r f a c e s  o f  th e  g u id e s  
( th re e - la y e re d  d e v ic e s ) .
The p e r io d ic  index  w aveguides w ere f a b r ic a te d  by s i l v e r -  
sodium io n  exchange in  g la s s  s u b s t r a te s ,  and pro ton-exchange o r 
t i ta n iu m  in d if fu s io n  in  LiNbOg s u b s t r a te s .  The m e ta l l i c  g ra t in g  
masks (p e r io d ic i ty  = 3pm) on th e  s u r fa c e s  o f  th e  g u id es  p r io r  to  
d i f f u s i o n  w e re  fo r m e d  by  c o n v e n t i o n a l  p h o to l i th o g r a p h i c ' 
te ch n iq u e , fo llo w ed  by vacuum d e p o s it io n  o f th e  m e ta l and l i f t ­
o f f .  S p u t t e r e d  hom ogeneous 7059 g l a s s  w aveguides on s tan d a rd  
F i s h e r  m ic ro s c o p e  s l i d e s  w e re  u se d  in  th e  m a n u fa c tu re  o f  
c o rru g a te d  w aveguides. Subm icron g ra t in g s  (p e r io d ic i ty  = O.ÿim) 
w ere f a b r ic a te d  by h o lo g rap h ic  exposure o f th e  p h o to re s is t - c o a te d  
sam ples.
G e n e r a l  w a v e g u i d e  t h e o r y  o f  h o m o g e n e o u s  an d  
inhomogeneous d i e l e c t r i c  s la b  w aveguides i s  p re se n te d , u s in g  bo th  
g e o m e t r i c a l  (o r  r a y )  o p t i c s  a n d  e l e c t r o m a g n e t i c  t h e o r y .  
P r o p e r t i e s  o f  p e r i o d i c  w a v eg u id e s  a r e  a l s o  d e s c r ib e d ,  and  th e  
B ragg  d e f l e c t o r s  f a b r i c a t e d  a r e  a n a ly se d  u sin g  o n e-d im en sio n al 
c o u p le d  mode fo rm a lis m  and t w o - d i m e n s i o n a l  c o u p le d  mode
fo rm alism . The th e o ry  p r e d ic t s  two un ique p r o p e r t ie s  o f o b liq u e  
in c id en ce  n o t found in  norm al in c id e n ce  ; mode co n v ersio n  (TE/TM) 
and v a r i a t i o n  o f  pow er a c r o s s  th e  w id th  o f  th e  d i f f r a c t e d  and 
tra n s m itte d  beam.
The f a b r ic a t io n  tech n iq u es  fo r  bo th  ty p es  o f d e f le c to r s ,  
in c lu d in g  th e  th re e  d i f f u s io n  p ro c e sse s  and th e  in te r f e r o m e tr ic  
tech n iq u e  fo r  p roducing  subm icron g r a t in g s ,  a re  d isc u sse d  in  some 
d e t a i l s .  The w av eg u id e  and g r a t i n g  p a r a m e te r s  w ere  m easu red  
u s in g  s ta n d a r d  te c h n iq u e s ,  and  th e  g r a t i n g  g ro o v e  d e p th s  w ere  
d ed u ced  from  d i f f r a c t i o n  e f f i c i e n c y  m e a s u r e m e n ts .  T he 
p e r i o d i c i t y  i s  d e t e r m i n e d  f ro m  t h e  m e a s u r e m e n t  o f  t h e  
a u to c o l lim a tio n  ang le  o f  th e  f i r s t  d i f f r a c te d  o rd e r.
The B ragg  d e v ic e s  w e re  t e s t e d  u s in g  a v i s i b l e  HeNe 
l a s e r .  For p e r io d ic  index w aveguides, th e  e x p e rim en ta l r e s u l t s  
a r e  in  good a g re e m e n t w i th  t h e o r e t i c a l  c a lc u la t io n s  u s in g  one­
d im en sio n a l coupled mode fo rm alism . However, mode co n v ersio n  
(TE-TM), a  u n iq u e  p r o p e r ty  in  o b l iq u e  in c id e n c e  o f  g u id e d  wave 
o n to  a g r a t i n g  e le m e n t ,  w as n o t  o b s e rv e d  b e c a u se  o f  th e  lo n g  
p e r i o d i c i t y  ( s m a ll  B ragg  a n g le )  o f  th e  d e v ic e s .  F u r th e r m o re ,  a 
tw o -s te p  d i f f u s io n  p ro c e ss , u s in g  th e  f i r s t  d if f u s io n  to  form  th e  
w a v e g u id e  an d  a s e c o n d  d i f f u s i o n  t o  p ro d u c e  th e  g r a t i n g  
s t r u c tu r e ,  was a ls o  dem onstra ted . T h is  g iv e s  fu r th e r  f l e x i b i l i t y  
to  th e  d i f f u s io n  te ch n iq u e , and th e  p a ram ete rs  in  th e  f i r s t  and 
second d i f f u s io n  s te p s  can be chosen in d ep en d en tly  fo r  o p tim ised  
p e r fo rm a n c e . F o r th e  c o r r u g a te d  w aveguides, th e  ex p e rim en ta l 
r e s u l t s  ag ree  b e t t e r  w ith  c a lc u la t io n s  u sing  th e  tw o -d im en sio n a l
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coupled mode fo rm alism . The two un ique p ro p e r t ie s  o f  o b liq u e  
in c id e n c e  ; mode c o n v e r s io n  (TE-TM) and n o n -u n ifo rm  i n t e n s i t y  
d i s t r i b u t i o n  a c r o s s  th e  w id th  o f  b o th  th e  d i f f r a c t e d  and 
t r a n s m i t t e d  b e a m s , w e re  o b s e r v e d .  I t  i s  c o n f i r m e d  
e x p e r im e n ta l ly  t h a t  f o r  r i g h t  a n g le  d e f l e c t i o n ,  th e  TE-TE 
co u p lin g  i s  zero . When th e  d i f f r a c t i o n  e f f ic ie n c y  i s  h ig h , th e  
d i f f r a c t e d  beam 'b reak s  up*.
The r e s u l t s  from  t h i s  i n v e s t i g a t i o n  s u g g e s t  t h a t  th e  
p e r i o d i c  in d e x  w a v eg u id e s  f a b r i c a t e d  h av e  d i s t i n c t  a d v a n ta g e s  
o v e r  th e  c o r r u g a te d  c o u n t e r p a r t s  in  te rm s  o f  lo w e r  s c a t t e r i n g  
l o s s ,  e a s e  o f  f a b r i c a t i o n  and  m e c h a n ic a l  ru g g e d n e ss . The tw o 
""' u n iq u e : :p r o p e r t i e s  o f  o b l iq u e  " in c id e n c e  may p o se  a  p ro b le m  in  
c e r t a i n  a p p l i c a t i o n s ,  s u c h  a s  b e am  e x p a n d e r s  a n d  
m u ltip le x e r/d e m u lp le x e r . 'B reaking up' o f th e  beams and c ro s s ­
t a l k  in t r o d u c e d  by mode c o n v e r s io n  m u st be ta k e n  i n t o  a c c o u n t 
when d esig n in g  th e se  d ev ices .
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C h u te r  2  
INTHODOCriCN
1.1 General Introduction
I n t e r e s t  j.n o p t i c a l  g u id e d  wave te c h n o lo g y  (commonly 
c a l le d  In te g ra te d  O p tics) began about th e  same tim e  (c ir a  1969) 
t h a t  th e  f i r s t  f ib r e s  w ith  lo s s e s  low enough (/v20dB/km) fo r  long  
d i s t a n c e  t e l e c o m m u n i c a t i o n s  w e re  p r o d u c e d  i n  r e s e a r c h  
l a b o r a t o r i e s T h e s e  g l a s s  f i b r e  c a b le s  a r e  l i g h t  
w e ig h t  and s m a l l ,  h av e  h ig h  s i g n a l  c a r r y in g  c a p a c i ty  and  low  
s i g n a l  l o s s  ( a t  p r e s e n t 0.5 t o  3 dB /km ), and a r e  immune to  
e le c tro m a g n e tic  in te r f e r e n c e  and  n o is e
A m a j o r i t y  o f . o p t i c a l  f i b r e  s y s te m s  u se d  to d a y  a r e  
m ultim ode f ib r e  sy stem s, in  which l i g h t  p ro p ag a tes  in  m ix tu res  o f  
hundreds o f e le c tro m a g n e tic  modes. However, s in g le  mode f ib r e  
s y s t e m s  c a p a b l e  o f  h i g h e r  t r a n s m i s s i o n  r a t e  a n d  l o n g e r  
tra n s m is s io n  d is ta n c e  a re  re c e iv in g  in c re a s in g  in t e r e s t .  These 
system s a re  more co m p atib le  w ith  in te g ra te d  o p t ic a l  c i r c u i t s  and 
d e v ice s , which a re  m o stly  s in g le  mode s t r u c tu r e s .
The m a jo r g o a l  in  i n t e g r a t e d  o p t i c s  i s  to  d e v e lo p  
s o p h i s t i c a t e d  t h i n  f i l m  o p t i c a l  c i r c u i t s  and d e v ic e s ,  by 
com bining th in  f i lm  and i n t e g r a t e d  e l e c t r o n i c s  te c h n o lo g y , f o r  
o p t ic a l  f ib r e  com m unication and d a ta  p ro c e ss in g  system s 5-1 .7)^
The e f f e c t i v e  u se  o f  t h i n - f i l m  i n t e g r a t e d  o p t i c a l  
w av eg u id e  com p o n en ts  t h a t  w i l l  p e r fo rm  m o st o f  th e  l o g i c  
fu n c tio n s  o p t ic a l ly ,  such a s  sw itc h in g , m odu la tion , m u ltip le x in g , 
and so  on , o f f e r s  p o s s i b l e  o r d e r s  o f  m ag n itu d e  im p ro v em en t in
r e l i a b i l i t y ,  ru g g e d n e s s , sp e e d  o f  o p e r a t io n ,  s i z e ,  w e ig h t ,  
e l e c t r i c a l  power req u irem en ts  and c o s ts .
I d e a l l y ,  i t  w ou ld  be m o s t a d v a n ta g e o u s  i f  s e v e r a l  
d e v ic e s  su ch  a s  s o u r c e s ,  m o d u la to r s  and d e t e c t o r s ,  c o u ld  be  
f a b r i c a t e d  on th e  sam e s u b s t r a t e  m a t e r i a l .  T h is  i s  known a s  
m o n o l i th i c  i n t e g r a t i o n .  G roup I I I  and group V sem iconductor 
com pounds, su ch  a s  a l l o y s  o f  in d iu m  p h o sp h id e  and g a l l iu m  
a r s e n id e ,  a r e  p ro m is in g  m a t e r i a l s .  On th e  o th e r  h an d , th e  
p e r fo rm a n c e  o f  v a r io u s  d e v ic e s  on d i f f e r e n t  m a t e r i a l s  c an  be 
o p tim ise d  and th en  th e  d ev ice s  may be connected together,know n as 
h y b r id  i n t e g r a t i o n .  L i th iu m  n io b a te  ( fo r  a c t i v e  w a v e g u id in g  
fu n c tio n s ) and low lo s s  g la s s  w aveguides (fo r p a s s iv e  w aveguiding 
fu n c tio n s ) a re  th e  m ost w ide ly  used m a te r ia ls .
A lth o u g h  much o f  th e  i n i t i a l  r e s e a r c h  and d e v e lo p m e n t 
e f f o r t  in  f ib r e  o p t ic s  and guided-w ave o p t ic s  te c h n o lo g ie s  has 
b een  d i r e c t e d  to w a rd s  c o m m u n ic a tio n s  a p p l i c a t i o n s ,  t h e r e  a r e  
in c re a s in g ly  o th e r  im p o rtan t a p p l ic a t io n s  fo r  th e se  te c h n o lo g ie s , 
su ch  a s  r e a l  t im e  h ig h  sp e e d  s i g n a l  p r o c e s s in g  , r a d io  
f r e q u e n c y  s p e c tru m  a n a ly s is ( 1 '9 ,1 .1 0 ) ^  iQ g ic  o p e r a t i o n s , 
a n a l o g u e  t o  d i g i t a l  c o n v e r s i o n  d a t a  b u s
i n t e r c o n n e c t io n  o f  s e v e r a l  h ig h  sp e e d  d i g i t a l  c o m p u te rs  , 
and sen sin g  o f p h y s ic a l  q u a n t i t i e s  .
1 .2  P e r io d ic  S tr u c tu re s  f o r  l^n teg ra ted  O p tic s
The p h e n o m en o n  o f  w ave p r o p a g a t i o n  i n  p e r i o d i c  
s t r u c tu r e s  re c u rs  in  many branches o f p h y s ic s . These s t r u c tu r e s
have s p e c ia l  p ro p e r t ie s  v ^ ich  made them unique and in p o r ta n t;
(1) A lthough th e  in d iv id u a l  in te r a c t io n  from  each e lem en t in  th e  
p e r i o d i c  s t r u c t u r e  i s  s m a l l ,  th e  t o t a l  p h a se  sy n c h ro n o u s  
e f f e c t  c an  be l a r g e .  T h is  p r o p e r ty  i s  known a s  d i s t r i b u t e d  
f e e d b a c k ,  o r  B ra g g  d i f f r a c t i o n .  As w i l l  be  shown* i n  a 
l a t e r  c h a p te r  ( c h a p te r  3 ) , th e  p r o p a g a t io n  wave v e c to r  c an  
o n ly  be com plex  in  c e r t a i n  f r e q u e n c y  b an d s . T h is  im p l ie s  
t h a t  a w ave p r o p a g a t in g  in  th e  p e r i o d i c  s t r u c t u r e  w i th  a  
f r e q u e n c y  i n  t h e  s t o p  b a n d  w i l l  e n c o u n t e r  s u c c e s s i v e  
r e f l e c t i o n s ;  th e  p r o p a g a t in g  wave can  o n ly  be s u p p o r te d  in  
w e ll  s p e c if ie d  p ro p a g a tio n  bands.
(2) There i s  an i n f i n i t e  number o f space harm onics, w ith  phase 
v e l o c i t i e s  v a ry in g  fro m  z e r o  to  i n f i n i t y  in  th e  e ig en m o d es . 
T h is  means th e  p e r io d ic  s t r u c tu r e  has an in h e re n t wave v e c to r  K 
(K = 2 T I / A - , b e i n g  t h e  p e r i o d  o f  t h e  s t r u c t u r e )  t h a t  i s  
a d j u s t a b l e  by th e  d e s ig n e r ,  and can  be u sed  t o  c o n se rv e  th e  
momentum (or th e  v e c to r )  in  th e  c o u p lin g  b e tw ee n  any tw o  
w aves.
(3) Any s m a l l  a m o u n t o f  ra n d o m  d e f e c t s  c r e a t e d  i n  t h e  
f a b r i c a t i o n  p r o c e s s  w i l l  n o t  a f f e c t  th e  c h a r a c t e r i s t i c s  o f  
th e  d ev ice s  s ig n i f ic a n t ly .
T h in  f i l m  s t r u c t u r e s  c o n ta in in g  a p e r i o d i c  v a r i a t i o n  
a lo n g  t h e  f i l m  p l a y  a n  i m p o r t a n t  r o l e  i n  g u id e d  w ave 
o p t ic s  The p e r io d ic  v a r ia t io n  f a l l s  in to  one o f th e  two
c a te g o r ie s  (F ig . 1 .1 ) :
(1) The g u id in g  l a y e r  c o n ta in s  a  hom ogeneous medium b u t  i t s
WAVEGUIDE
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FIG 1.1 Basic types of periodic waveguides
u p p e r b o u n d ary  h a s  a p e r i o d i c  v a r i a t i o n ,  f o r  ex am p le  io n  
b e a m  e t c h e d  g r a t i n g s  a c h i e v i n g  p e r i o d i c  c h a n g e s  i n  
r e f r a c t iv e  index th rough  t h e i r  s u r fa c e  p r o f i l e  o r
(2) The g u id in g  l a y e r  p o s s e s s e s  p a r a l l e l  p la n a r  b o u n d a r ie s  and 
i t s  p e r i o d i c i t y  i s  p ro d u c e d  by a l o n g i t u d i n a l  m o d u la t io n  o f  
i t s  r e f r a c t i v e  i n d e x ,  f o r  e x a m p le  a  p e r i o d i c  c h a n g e  i n  
r e f r a c t i v e  in d e x  c a n  b e  a c h i e v e d  by  th e  e l e c t r o - o p t i c a l  
e f f e c t  u s i n g  a m o d u l a t i n g  v o l t a g e  a p p l i e d  t o  a p e r i o d i c  
e l e c t r o d e o r  by t h e  a c o u s t o - o p t i c a l  e f f e c t  u s i n g  a  
su r fa c e  a c o u s tic  wave a t  an a p p ro p r ia te  f r e q u e n c y .
For m o n o lith ic  in te g r a t io n  pu rp o ses, i t  i s  d e s i r a b le  to  
have r e f l e c to r s  ( l ik e  s i lv e r e d  m ir ro rs  in  bulk o p tic s )  t h a t  a re  
c o m p a t ib l e 'w i th  p la n a r " t e c h n o lo g y .  They can  be fo rm ed  by 
c l e a v i n g  o r  s e l e c t i v e  c h e m i c a l  e t c h i n g  in  s e m ic o n d u c to r  
m a t e r i a l s ,  and p o l i s h i n g  and  c o a t in g  th e  e d g es  o f  a  s u b s t r a t e  
w i t h .a  r e f l e c t i n g  s u r f a c e  in  o th e r  m a t e r i a l s  su ch  a s  g l a s s  o r  
l i t h i u m  n io b a te .  T h ese  m e th o d s , h o w ev er, a r e  n o t  c o m p a t ib le  
w i th  p la n a r  te c h n o lo g y , and c a n n o t be u sed  to  fo rm  f re q u e n c y  
s e l e c t i v e  d e v ic e s .  F or e x a m p le , i t  i s  d i f f i c u l t  to  i n t e g r a t e  
c o n v e n t io n a l  s e m ic o n d u c to r  l a s e r s  (w ith  c le a v e d  m ir r o r s )  w i th  
o th e r  guided wave d e v ice s . The problem  can be c ircum ven ted  by 
th e  use o f frequency  s e le c t iv e  g ra t in g  s t r u c tu r e s ,  and appears  
to  be th e  most p ro m isin g  and v e r s a t i l e  p la n a r  technology.
S u b m icro n -p erio d ic  g ra t in g  s t r u c tu r e s  a re  f a b r ic a te d  by 
means o f a h o lo g rap h ic  te ch n iq u e , by reco rd in g  th e  in te r f e r e n c e  
p a t t e r n  o f  tw o beam s fro m  a l a s e r  o n to  p h o t o r e s i s t ,  a l i g h t  
s e n s i t iv e  m a te r ia l .  A f te r  developm ent, th e  r e l i e f  p a t te r n  can
be t r a n s f e r r e d  o n to  th e  s u r f a c e  o f  th e  w av eg u id e  by c h e m ic a l  
e tc h in g  o r io n  beam e tc h in g . A l t e r n a t i v e l y ,  s p e c i a l  m a t e r i a l  
w hich changes i t s  d i e l e c t r i c  c o n s ta n t on exposure to  l i g h t  can be 
u se d  a s  th e  w a v e g u id in g  f i l m ,  and th e n  d i r e c t  r e c o r d in g  o f  th e  
in te r f e re n c e  p a t te r n  i s  p o s s ib le
Guided wave o p t ic a l  d e v ice s  t h a t  have been dem onstra ted  
u s in g  a g ra t in g  s t r u c tu r e  in c lu d e  beam c o u p le rs  21-1.23) ^  
s p l i t t e r s f i l t e r s ( 1 " 2 5 , 1 . 2 6 ) ^  mode c o n v e r t o r s (1*27,1.28)^ 
m o d u la to rs  (1 '2 9 -1 .3 1 )^  d i r e c t i o n a l  c o u p le r s   ^ d i s t r i b u t e d
fe e d b a c k  and d i s t r i b u t e d  B ragg  r e f l e c t o r  l a s e r s  (1*33-1.35)  ^
m u l t i p l e x e r - d e m u l t i p l e x e r   ^ w av eg u id e  le n s e s  (1*37,1.38)^
seco n d  h a rm o n ic  g e n e r a to r s  (1 -39 ,1 .40) i n t e g r a t e d  o p t i c a l
s ig n a l  p r o c e s s o r s ( ^ '^ l ,1 .42)^
1 .3  A ir^  Of R esearch
In  m ost o f th e  g ra t in g  d ev ice s  m entioned p re v io u s ly , th e  
in c id e n t  and r e f le c te d  waves a re  c o l l in e a r ,  t h a t  i s ,  th e  guided  
w aves a r e  p e r p e n d ic u la r  to  th e  g r a t i n g  l i n e s .  T h is  c o l l i n e a r  
geom etry has become a tex tbook  ca se , th e  most n o ta b le  tre a tm e n ts  
being g iven  by Y ariv  and M arcuse both  u sin g  coupled­
mode a n a l y s i s .  H ow ever, in  d e v ic e s  su ch  a s  m u l t i p l e x e r -  
d e m u ltip le x e r , d e f le c to r s  o r g ra t in g  le n se s , th e  guided wave i s  
in c id e n t  o b liq u e ly  on th e  g ra t in g . Such o b liq u e  p ro p a g a tio n  i s  
v e ry  im p o r ta n t  in  many a s p e c t ,  w i th  p r o p e r t i e s  d i f f e r e n t  fro m  
th a t  o f norm al in c id en ce , and advan tages in c lu d in g  good in c id e n t  
and d e f l e c t e d  wave s e p a r a t i o n  and a c c e s s i b i l i t y ,  c o m p a c tn e s s .
c o n s id e ra b le  d ev ice  v e r s a t i l i t y  and d esig n  f l e x i b i l i t y .
The h o lo g rap h ic  te ch n iq u es  fo r  making subm icron g ra t in g s  
a r e  w e l l  e s t a b l i s h e d .  H ow ever, th e  s u r f a c e  c o r r u g a t io n s  
produced in  t h i s  method a re  p rone to  env iro n m en ta l d is tu rb a n c e , 
and s c a t te r in g  lo s s e s  due to  th e  rough su rfa c e s  o f th e  g ra t in g s  
o ccu r.
The aims o f t h i s  re se a rc h  were tw o -fo ld i
(1) To stu d y  beam d e f le c t io n  (or mode coupling) in  co rru g a ted  
w a v eg u id e s  when a g u id e d  wave i s  i n c i d e n t  on th e  g r a t i n g  a t  
an  a n g le  to  th e  g r a t i n g  l i n e s ,  and s p e c i f i c a l l y  g iv in g  a  
r i g h t  a n g l e  d e f l e c t i o n .  We e i t h e r  u s e d  a p h o t o r e s i s t  
g r a t i n g  on  t o p  o f  t h e  w a v e g u id e ,  o r  t h e  g r a t i n g  e t c h e d  
d i r e c t l y  o n to  th e  s u r f a c e  o f  th e  g u id e  by io n  beam e tc h in g .  
H o m o g en eo u s s p u t t e r e d  C o r n in g  7059  g l a s s  w a v e g u id e s  on  
F ish e r m icroscope s l id e s  w ere used.
(2) To i n v e s t i g a t e  a  n o v e l te c h n iq u e  o f  f a b r i c a t i n g  p e r i o d i c  
in d e x  w a v eg u id e s  w i th  th e  g u id in g  l a y e r s  p o s s e s s in g  p a r a l l e l  
p l a n a r  b o u n d a r ie s  by d i f f u s i o n  th ro u g h  a g r a t i n g  m ask. Beam 
d e f le c to r s  w ere produced by s ilv e r -s o d iu m  io n  exchange in  g la s s  
s u b s t r a t e s ,  and p ro to n -e x c h a n g e  o r  t i t a n i u m  i n d i f f u s i o n  in  
l i th iu m  n io b a te . The g ra t in g  mask was d e lin e a te d  on to p  o f th e  
s u b s t r a t e  by c o n v e n t io n a l  p h o to lith o g ra p h ic  tech n iq u e , fo llo w ed  
by vacuum  d e p o s i t i o n  and l i f t - o f f  to  o b ta in  th e  f i n e  p a t t e r n  
(per io d  ic i ty /v  3pm).
1.4 Layout of Thesis
T his  th e s i s  i s  d iv id e d  in to  seven c h a p te rs . F o llow ing  
t h i s  in tro d u c to ry  c h a p te r , c h a p te r  2 i s  on th e  g e n e ra l th e o r ie s  
and p r o p e r t i e s  o f  p l a n a r  d i e l e c t r i c  w a v e g u id e s , f o r  b o th  
homogeneous and inhomogeneous s t r u c tu r e s .  C hapter 3 d e a ls  w ith  
th e  th e o r e t i c a l  s tu d ie s  o f  th e  guided  wave Bragg d e f le c to r s  u s in g  
co u p led -m o d e  a n a l y s i s ,  w h i le  c h a p te r  4 and c h a p te r  5 a r e  
c o n c e rn e d  w i th  th e  f a b r i c a t i o n  te c h n iq u e s  to  produce th e  Bragg 
d e f le c to r s ,  by a  novel tech n iq u e  o f d i f f u s io n  th rough  a g ra t in g  
m a sk , an d  by  h o l o g r a p h i c  t e c h n i q u e  r e s p e c t i v e l y .  T he 
e x p e rim en ta l p ro ced u res , r e s u l t s  and a n a l y s i s  a r e  p r e s e n te d  in  
c h a p te r  6. C h a p te r  7 , th e  l a s t  c h a p te r ,  g iv e s  a  c o n c lu s io n  o f  
t h i s  work, w ith  su g g es tio n s  fo r  fu tu r e  in v e s t ig a tio n .
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C hap ter 2
Theory o f  D ie le c t r i c  T h in  F ilm  W aveguides
D i e l e c t r i c  w a v e g u id e s  a r e  u sed  in  g u id e d  w ave d e v ic e s  
and  i n t e g r a t e d  o p t i c a l  c i r c u i t s  to  g u id e  and  c o n f in e  l i g h t  
energy. The stu d y  o f th e  s im p le s t  s t r u c tu r e s ,  d i e l e c t r i c  s la b  
w aveguides, and t h e i r  p r o p e r t ie s ,  i s  u s e fu l  and n e ce ssa ry  fo r  th e  
u n d e rs tan d in g  o f more co m p lica ted  d i e l e c t r i c  w aveguides; l i k e  fo r  
ex am p le  p e r i o d i c  s t r u c t u r e s  in  ' I n t e g r a t e d  O p t i c s '.  I n  t h i s  
c h ap te r  we w i l l  o u t l in e  th e  fundam ental th e o r e t ic a l  p r o p e r t ie s  o f 
p l a n a r  w a v e g u id e s , u s in g  b o th  g e o m e t r i c a l  (or ra y ) o p t i c s  and 
e le c t r o m a g n e t i c  th e o r y .  In  th e  l a s t  s e c t i o n ,  we w i l l  a l s o  
d e s c r ib e  beam c o u p lin g  t o  p l a n a r  g u id e s ,  and in  p a r t i c u l a r  th e  
p r i s m  c o u p le r ,  w h ich  i s  an e f f i c i e n t  m ethod o f  in t r o d u c in g  
o p t ic a l  energy from  c o n v e n tio n a l l a s e r s  i n t o  t h e s e  w a v e g u id e s , 
and was used in  our e x p e rim en ta l work.
2.1 P r o p a g a t io n  O f W aves I n  Hom ogeneous ^ s y m m e tr ip  S la b  
Waveguides
A p l a n a r  d i e l e c t r i c  s l a b  w a v e g u id e  i s  sh o w n
sc h e m a tic a lly  in  P ig . 2,1, where a th in  f i lm  o f  r e f r a c t iv e  index  
ng i s  d e p o s i t e d  on a s u b s t r a t e  w i th  r e f r a c t i v e  in d e x  n^. The
r e f r a c t iv e  index o f  th e  cover m a te r ia l  i s  n^, and we assume th a t
U f  > Ug ^  Ug ( 2 , 1 . 1 )
T y p ic a l  d i f f e r e n c e s  b e tw e e n  n^ and n^ ra n g e  fro m  0.001 t o  0 .1 , 
and a ty p ic a l  f i lm  th ic k n e ss  T i s  1 pm. The r e f r a c t iv e  index n^
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FIG 2.1 Schem atic  of a  d ielectric  s la b
w a v eg u id e
i s  o f t e n  u n i ty  when th e  c o v e r  m a t e r i a l  i s  a i r .  I f  n^ = ng , we 
h av e  a s y m m e tr ic  s l a b  w a v e g u id e , and t h e r e  i s  no c u t - o f f  
f r e q u e n c y  o f  th e  l o w e s t - o r d e r  mode. T h is  m eans a  mode can  
p ro p ag a te  a t  a r b i t r a r i l y  low fre q u e n c ie s . By c o n t r a s t ,  i f  n^ f 
ng , we h av e  an a sy m m e tr ic  s l a b  w a v eg u id e , and a l l  modes o f  th e  
gu ide w i l l  have a c u t - o f f  frequency .
The asym m etric  s la b  w aveguide su p p o rts  a  f i n i t e  number 
o f  g u id e d  modes and  an  i n f i n i t e  c o n tin u u m  o f  r a d i a t i o n  m odes. 
B o th  ty p e s  o f  m odes can  be o b ta in e d  a s  s o l u t i o n s  o f  a  wave 
e q u a tio n  from  wave o p t ic s .  However, th e  e ig en v a lu e  eq u a tio n  o f  
th e  guided  modes can a ls o  be i n t u i t i v e l y  d e riv ed  from g e o m e tr ic a l 
o p t i c s ,  w h ich  i s  su p p le m e n te d  by s im p le  r e s u l t s  o f  p la n e  wave 
r e f l e c t i o n  and r e f r a c t i o n  a t  a  p la n e  d i e l e c t r i c  i n t e r f a c e .  
Hence we s t a r t  w ith  g e o m e tr ic a l o p tic s .
2.1 .1  G eo m etrica l O p tic s  o f  Horaogenecaas D ie le c t r i c  
S la b s
G eom etrica l (or ray) o p t ic s  approx im ates a  narrow  beam 
o f  l i g h t  a s  l i g h t  r a y s ,  w h ich  a r e  th e  e n e rg y  f lo w  o f  th e  l i g h t ,  
and a r e  d e f in e d  a s  th e  l i n e s  t h a t  a r e  p e r p e n d ic u la r  to  th e  
s u r fa c e s  o f c o n s ta n t phase o f th e  l i g h t  f i e l d  in  a  homogeneous, 
i s o t r o p ic  medium.
C o n s id e r  th e  z ig - z a g  ra y  p i c t u r e s  in  F ig , 2 ,2 . T h e re  
i s  no c o n f in e m e n t o f  l i g h t  when 9 < 0 g , (known a s  ' r a d i a t i o n  
mode'), or 9^ < © < ©g (known as  's u b s t r a te  r a d ia t io n  mode'). 0 
i s  th e  a n g le  b e tw ee n  th e  l i g h t  r a y  and th e  n o rm a l to  th e
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FIG 2.2 Z ig -z a g  ray pictures for (a)  
the radiation modes, (b) th e
substrate modes, and (c) the  
guided modes
w a v e g u id e , 0^ and 0^  a r e  th e  c r i t i c a l  a n g le  f o r  th e  f i lm - c o v e r  
in te r f a c e  and f i lm - s u b s t r a te  i n te r f a c e  r e s p e c t i v e l y .  When 0 ^ , 
0g < 0 , th e  l i g h t  i s  t r a p p e d  and c o n f in e d  in  th e  f i l m  and
p r o p a g a te s  in  a  z ig - z a g  m anner w i th  t o t a l  i n t e r n a l  r e f l e c t i o n  
o c cu rrin g  a t  th e  two in te r f a c e s .
Under th e  c o n d itio n s  o f t o t a l  in te r n a l  r e f l e c t io n ,  phase 
s h i f t s  w i l l  occur c o n s is te n t  w ith  th e  flow  o f  energy  a t  th e  two 
i n t e r f a c e s ,  and a r e  known a s  th e  G oos-H anchen s h i f t s  ( 2 ' l f 2-2), 
From  F r e s n e l  f o r m u la s ,  th e  p h a se  s h i f t s  and f o r  th e  TE 
p o l a r i z a t i o n  ( e l e c t r i c  f i e l d  v e c to r  p a r a l l e l  t o  th e  i n t e r f a c e )  
and th e  TM p o l a r i z a t i o n  (m a g n e tic  f i e l d  v e c to r  p a r a l l e l  to  th e  
i n t e r f a c e )  a re
ta n  = ^n^^sin% -n^^^g)/ngC O s9  (2.1,2)
ta n  = [ jn g ^ s in ^ n ^ ^ ^ g ) /n ^ c o s 0 ]  (n ^ ^ /n ^ ^  ^) (2 .1 .3)
r e s p e c t iv e ly  fo r  th e  two in te r f a c e s .  The s u b s c r ip ts  s , f  and c 
r e f e r  to  s u b s t r a t e ,  f i l m  and c o v e r  r e s p e c t i v e l y .  F ig . 2 .3 (a) 
shows th e  l a t e r a l  s h i f t s  2z^ and 2z^ o f  th e  ray  a s s o c ia te d  w ith  
th e  p h a se  s h i f t s ,  and th e  r a y  p e n e t r a t i o n  d e p th s  and  x^ in  
such a case , w h ile  F ig. 2.3(b) shows th e  r e f r a c t iv e  index p r o f i l e  
fo r  a  homogeneous w aveguide.
T he tw o  s u p e r im p o s e d  u n i f o r m  p l a n e  w a v e s  w i t h  
w av en o rm a ls  f o l lo w in g  th e  z ig - z a g  r a y  p a th  p ro p a g a te  w i th  a 
w avevector kn^, where
k -  2 TT/Ao = (2 .1 .4 )
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FIG 2.3b Refractive index profile of a  slab  
w aveguide
and  Xq i s  th e  f r e e  sp a c e  w a v e le n g th , CO i s  th e  ' a n g u la r  
f r e q u e n c y , c  i s  th e  v e l o c i t y  o f  l i g h t  in  vacuum . The g u id e d  
mode o f th e  s la b  waveguide has  a  p ro p a g a tio n  c o n s ta n t
P  = kg = kn^sin© = kN = (0/Vp (2 .1 .5 )
and i s  th e  z com ponen t o f  th e  w a v e v e c to r  kn^. v^  i s  th e  p h a se  
v e l o c i t y ,  and N i s  th e  e f f e c t i v e  in d e x  o f  th e  g u id e . N o t a l l  
a n g le s  © a r e  a l lo w e d . The ' t r a n s v e r s e  re s o n a n c e  c o n d it io n *  
re q u ire s  th e  k^ components to  i n t e r f e r e  c o n s tru c t iv e ly , t h a t  i s ,  
th e  t o t a l  phase s h i f t s  a t  th e  two in te r f a c e s  to g e th e r  w ith  t h a t  
o f  th e  t r a n s v e r s e  p a s s a g e s  m u st be a m u l t i p l e  o f  2 7T . T h is  
c o n d itio n  can be ex p ressed  as
2kngTcos© -  -  2^  ^ ”  2mTT (2 .1 .6 )
w h ere  m i s  an  i n t e g e r  (0 ,1 ,2  ...)  c o r r e s p o n d in g  to  th e  mode 
num ber. E q u a tio n  (2,1.6) i s  th e  d i s p e r s i o n  e q u a t io n  o f  th e  
gu ide and th e  v a lu e  o f  th e  p ro p a g a tio n  c o n s ta n t can be p re d ic te d  
a s  a  f u n c t io n  o f  f r e q u e n c y  W and f i l m  th ic k n e s s  T, w i th  th e  
h e lp  o f  (2 .1 .2) to  (2 .1 .5 ). F ig .  2.4 show s an  W - j)  d ia g ra m
o f  th e  d i s p e r s i o n  c h a r a c t e r i s t i c s ,  w h ile  F ig . 2.5 show s th e
v a r i a t i o n  o f  th e  e f f e c t i v e  in d e x  o f  t h e  g u id e  a s  a  f u n c t io n  o f
f i lm  th ic k n e ss .
U sing  (2 .1 .2 ) , (2 .1 .3) and  (2 ,1 .5 ) , th e  l a t e r a l  s h i f t s
%c,s ace
k%2,s = (2 .1 .7 )
18
UJ
c / n .
/
RADIATION
MODES /
FORBIDDEN
REGION
/
\ k .
p
FIG 2.4 u u -g  diagram of a  dielectric 
w a v eg u id e
X IO - 2
1 5 6 _
1 5 5 _
TEi //TM
1 5 3 _
=  1.000
n, =1 .567
1.512
1 5 1 ,
2 3 4. 50 1
T (fJm)
FIG 2.5 Effective guide index a s  a  function of 
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fo r  th e  TE inodes, and
kZg g=(N ^-n^^ g j^ ^ /^ .ta n 9 /(N ^ /n ^ g  g-HSI^/ng^-1) (2.1.8)
f o r  th e  TM m odes. The r e l a t i o n  b e tw ee n  th e  p e n e t r a t i o n  d e p th  
%o,s =c,s i s
%c,s = Zc,s /  tane (2.1.9)
T hese  p e n e t r a t i o n  d e p th s  a r e  c l o s e l y  r e l a t e d  t o  th e  d e ca y
c o n s t a n t s  o f  th e  e v a n e s c e n t  f i e l d s  in  th e  c o v e r  and s u b s t r a t e  
( s e c t io n  2 .2 , e l e c t r o m a g n e t i c  f i e l d  s o l u t i o n s ) .  The g u id e d  
l i g h t  s p re a d s  o u t  i n t o  b o th  th e  c o v e r  and th e  s u b s t r a t e  and i s  
e s s e n t i a l ly  co n fin e^  to  an e f f e c t iv e  th ic k n e ss  T^^g,
T e ff  = T + Xg + x^ (2 .1 .10 )
A lth o u g h  th e  c o n d i t i o n s  f o r  mode p r o p a g a t io n  in  s l a b  
w aveguides can be i n t u i t i v e l y  o b ta in ed  w ith  th e  h e lp  o f s im p le  
p r i n c i p l e s  fro m  ra y  o p t i c s  and fro m  th e  p r o p e r t i e s  o f  p la n e  
waves, they  a re  n o t com plete. For exam ple, th e  phase s h i f t s  a t  
th e  two in te r f a c e s  a re  n e g a tiv e  in  s ig n  (equation  (2,1,6)); t h i s  
g iv e s  a  m a th e m a t ic a l ly  c o r r e c t  r e s u l t ,  b u t  i s  p h y s i c a l l y  
d i f f i c u l t  t o  i n t e r p r e t .  I n  o r d e r  t o  o b t a i n  a  c o m p le te  
d e s c r ip t io n  o f th e  mode p ro p a g a tio n , e le c tro m a g n e tic  th eo ry  has 
to  be u sed .
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2.1L2 E lec tro m a g n e tic  Theory o f  Homogaieous D ie le c t r i c
M a x w e ll 's  e q u a t io n s  f o r  i s o t r o p i c ,  t im e  d e p e n d e n t, 
sou rce  f r e e  f i e l d s  a re
V X  E = -/*. ( .hH/i t )  (2 .1 .1 1 )
V x H =  e  ( )  E / a t )  (2 .1 .1 2 )
w here 6  and JtA. a re  th e  s c a la r  p e r m i t t i v i ty  and p e rm e a b il i ty  o f a  
lo s s le s s  medium, t  i s  th e  tim e , V  = ( ) / ) x ,  3 / ) y ,  3 / ) z )  i s  th e  
d e l  o p e r a to r ,  and E and  H a r e  th e  e l e c t r i c  and m a g n e tic  f i e l d  
v e c to r s .
We can  f u r t h e r  d i s t i n g u i s h  b e tw een  th e  l o n g i t u d i n a l  
f i e l d  component E^ and and th e  tra n s v e rs e  f i e l d  components E^ 
and H^,
E = E t + Eg , H = Ht + Hg (2 .1 .13 )
and a ssu m in g  a t im e  d ep en d en ce  f a c t o r  e i  ^  ^ th e  M a x w e ll 's
eq u a tio n s  can be r e w r i t te n  in  th e  form
X E t = -jW/LHg (2 .1 .14 )
= jWEEg (2 .1 ,1 5 )
+ e ^ x Ô E ^ /à z  = (2 .1 .1 6 )
V^xHg + e^xhn^/hz  = (2 ,1 .17 )
w h ere  = ( à / à x ,  3 / )  y , 0) and e„ i s  a u n i t  v e c to r  p o i n t in g
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in  th e  z -  d i r e c t io n .
I n  a  s l a b  w a v e g u id e , th e  l i g h t  i s  c o n f in e d  in  one 
d im e n s io n  o n ly ,  and i t  i s  th e  x d i r e c t i o n  in  o u r c a s e  (F ig , 2 .1 ). 
There i s  no v a r ia t io n  in  th e  y  d i r e c t io n ,  which means
) / ) y  = 0 (2 .1 .1 8 )
The n o rm a l t im e  h a rm o n ic  z d e p e n d e n t modes o f  th e  g u id e  can  be 
exp ressed  in  conplex n o ta t io n  a s
e i  “  ^ z )  (2 .1 .1 9 )
and th e  tim e dependence f a c to r  e ^ ^ ^  i s  u s u a lly  ig n o red .
T h e re  a r e  tw o ty p e s  o f  p o l a r i z a t i o n  o f  th e  w av es , th e  
t r a n s v e r s e  e l e c t r i c  (TE) m odes w i th  no l o n g i t u d i n a l  e l e c t r i c  
f i e l d  (Eg = 0) and t r a n s v e r s e  m a g n e tic  (TM) m odes w i th  no
lo n g itu d in a l  m agnetic  f i e l d  (Hg = 0), For TE modes, we g e t  =
0 fro m  (2 .1 .1 5 ), E^ . = 0 and
(2.1.20)
from (2 .1 ,1 6 ) , From (2 .1 .1 4 )
à E y / à  (2.1.21)
and + j j jH ^  = - j t o e  ÎU (2 .1 .2 2 )
fro m  (2.1.17) and (2 .1 .1 9 ). C om bin ing  th e  l a s t  t h r e e  e q u a t io n s
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y ie ld s  th e  wave e q u a tio n
-  n V ) E y  (2.1.23)
w here £  = (2 .1 .2 4 )
k = ‘*J4Ü;Jo= 2TT/Ao (2 .1.25)
The s o l u t i o n s  f o r  th e  w ave e q u a t io n  (2 ,1 .23) h av e  b een  
d i s c u s s e d  by v a r io u s  p e o p le  2.4-2.6)^ we w i l l  f i r s t  d e f in e  
th e  v a r io u s  p r o p a g a t io n  c o n s t a n t s  (k^) and d ecay  c o n s t a n t s  (y^) 
as
kc^ ” (2 .1 .2 6 )
kj=2 = _ | j 2  (2 .1 .2 7 )
= "s^k^ (2.1 .28)
For guided  modes th e  s o lu t io n s  a re
Ey -  e x p [ - ^  (x-T)] fo r  T<x,
Ey=EgC O S(k^x- ^g ) fo rO < x < T , (2 .1 .2 9 )  
Ey ~ Eg exp(XgX) fo r  x<0.
The boundary c o n d itio n s  re q u ire  Ey (and H^) and à  E y/ à  x (and Hg) 
to  be c o n tin u o u s  a c r o s s  th e  f i l m  b o u n d a r ie s  a t  x = 0 and x = T, 
hence we can o b ta in  th e  e x p re ss io n s  fo r  th e  phase s h i f t s
24
ta n  fc . s  =■ ^ c , s A f  (2 .1 .3 0 )
and th e  d is p e r s io n  r e l a t i o n
kfT - = mlT (2.1.31)
which i s  i d e n t i c a l  to  t h a t  o b ta in ed  from  a 'g e o m e tr ic a l o p t ic s ' 
approach . The r e l a t io n  between th e  peak f i e ld s  Eg and E^ i s  .
Ef2(nj2_N2) = E^(ng^-ng2) (2.1.32)
The modes a re  n o t n o rm alised  fo r  power. We d e f in e  th e  power P 
c a r r ie d  by a mode p e r u n i t  gu ide  w id th  as
P = -2j^dxEyHjj = 2 ^ ^ j [ d x E y 2  = = E^HfTg (2.1.33)
w h ere  Tg = T + l/T g  + 1 /)^  i s  th e  e f f e c t i v e  TE mode th ic k n e s s  o f  
th e  waveguide.
S im i l a r  p ro c e d u re s  can  be ta k e n  f o r  th e  TM m odes. By 
s e t t i n g  Ey -  0 we g e t  Hg = 0, = 0,
p»Hy = W 6E^ , (2 .1 .34)
X = jWGEg , (2.1.35)
ÔEg/àx + jp»Ejj = jW/*.Hy , (2.1.36)
and th e  wave e q u a tio n  fo r  Hy i s
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n 2 ( à / à x )  ( l /n ^ à H y /â x )  = (fl^-nV)Hy . (2 .1 .3 7 )
For guided modes th e  s o lu t io n s  a re
Hy -  e x p [ - î^ (x -T ) ] fo r  T<x,
Hy -  cosCk^x -  ^g) fo r  0<x<T, (2 .1 .3 8 )
Hy = Hg e x p ( ygX) fo r  x<0.
The boundary c o n d itio n s  r e q u ire  th e  c o n tin u ity  o f Hy (and 6  E^) 
and o f 1 /n ^  ^ H y/)x (and Eg) a c ro ss  th e  two in te r f a c e s .  Hence we 
o b ta in  once a g a in  th e  phase s h i f t s
ta n  g (n£ / h  ^^g) (2 .1 ,39 )
and th e  d is p e r s io n  r e l a t i o n
kfT -  0g -  = mTT (2.1.40)
The r e la t io n  between th e  peak f i e ld s  i s  in  th e  form
Hf 2 (ng^-N^)/ng^=Hg^ (n^ ^ -ng^)qg/ng^=H^^ (n^ ^ -n^^)q^/n^^' (2 .1 .41 )
where th e  re d u c tio n  f a c to r s  q and q_ a re
gg = (N /nf)2 + (N/ng)2 -  1 , (2 .1 .4 2 )
q^, = (N /tif)2 + (N/n^)2 -  1 , (2 .1 .4 3 )
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as  g iv en  in  (2 .1 .8 ) .  The power P p e r u n i t  gu ide w id th  i s
P = 2 f  dxE„H„ = 2 P / w e .  f  dxH „V n^
'Leo 2  •
= = EfHgT„ (2.1 .44)
where Tj  ^*= T + l/Y^q^ + l/Y^q^ i s  th e  e f f e c t iv e  TM mode th ic k n e ss
o f th e  w aveguide.
2 .2 P r o p a g a t io n  o f  W aves i n  Inhom ogenepus A sy m m etric  s l a b  
W aveguides
S e v e r a l  f a b r i c a t i o n  p r o c e s s e s ,  l i k e  d i f f u s i o n a n d  
ion  i m p l a n t a t i o n p r o d u c e  graded index d i e l e c t r i c  w aveguide 
■ layers  w i th  v a r i a t i o n  in  th e  r e f r a c t i v e  in d ex  n(x) a c r o s s  t h e  
d e p th  o f  th e  g u id e s .  In  t h i s  s e c t i o n ,  we w i l l  d i s c u s s  th e  
a n a ly s is  o f such g u id e s .
2 .2 .1  G e o m e tr ic a l  O p t ic s  o f  Inhom ogenous D i e l e c t r i c  
S lab s
The z ig -zag  ray  p ic tu r e  i s  shown in  F ig . 2 .6(a), and th e  
r e f r a c t i v e  in d e x  d i s t r i b u t i o n  (a s i l v e r - s o d iu m  io n  ex ch an g e  
waveguide in  our case) in  F ig . 2.6(b). The ray s  fo llo w  a  curved 
t r a j e c t o r y  r a t h e r  th a n  s t r a i g h t  l i n e s ,  in  c o n t r a s t  t o  th o s e  o f  
homogeneous w aveguides. T his i s  because the  v e r t i c a l  component 
o f th e  w avevector k^(x) depends on th e  depth  o f th e  gu ide. When 
th e  g r a d i e n t  o f  th e  ra y  p a th  i s  z e r o ,  t h a t  i s ,  when n “  N = /3 /k , 
th e  p o i n t  i s  known a s  th e  t u r n i n g  p o i n t  x^. A ssum ing t h a t  th e
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FIG 2.6a Ray p icture  of a  guided w a v e  in 
an inhom ogeneous waveguide
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FIG 2.6b Refractive index profile of A g -N d  
ion-exchanged w a v eg u id es  in a
0 .1  7o  d ilu ted  melt
r e f r a c t i v e  in d e x  p r o f i l e  v a r i e s  s lo w ly  in  c o m p a r iso n  w i th  th e  
w aveleng th , th e  't r a n s v e rs e  re s o n a n c e  c o n d it io n *  c an  be w r i t t e n  
a s
2k *J [n 2 (x )-^ j2 ]l/2 ^  _ -  TT/2 = 2raT (2.2.1)
The p h a se  ch an g e  o v e r  th e  ro u n d  p a s s a g e  i s  r e p r e s e n te d  by th e  
i n t e g r a l ,  w h i le  th e  p h a se  r e f l e c t i o n  a t  th e  t u r n in g  p o i n t  I s  
11/2. T h is  method in v o lv es  an i n i t i a l  t r i a l  v a lu e  fo r  N, and i s  
commonly known a s  th e  WKB method I t  was f i r s t  developed
in  th e  f i e l d  o f  quantum m echanics and has been a p p lie d  to
th e  a n a ly s is  o f  d i e l e c t r i c  w aveguides . The e l e c t r i c  f i e l d
e x p r e s s io n s  h av e  a l s o  b een  g iv e n  by M arcuse  f o r  TE m odes 
The r e f r a c t i v e  in d e x  p r o f i l e  n(x). c a n  be d educed  from  th e  WKB 
e q u a tio n  2.12,2.13) ^  in c re a se d  accuracy  as th e  number o f
g u id e d  modes in c re a s e s
2 .2 .2  E l e c t r o m a g n e t i c  T h e o ry  o f  In h o m o g e n e o u s  
D ie le c t r i c  S la b s
M axw ell's eq u a tio n s  in  t h i s  case  a re
TE modes d^E^/dx^ = (x) ]Ey (2 .2 .2 )
TM modes d^H^/dx^ =[]S^-{-l/n^ (x) (dS/dx) (d /dx)-k^n^ (x) ]tly (2 .2 . 3)
The wave eq u a tio n  (2.2.2) i s  s im i la r  to  th e  S chrod inger e q u a tio n
2 2 2o f  quan tum  m e c h a n ic s , w i th  N ) c o r r e s p o n d in g  to  th e
o
energy  le v e l  and n (x) to  th e  p o te n t i a l  energy w e ll ,  and th e  same
2  g  f;' ,
s o lu t io n s  and a n a ly s is  a p p lie d , hence e x a c t s o lu t io n s  can e x i s t  
fo r  c e r ta in  r e f r a c t iv e  index  p r o f i l e s  I f  th e  g ra d ie n t  o f
n(x) i s  s m a l l ,  we can  ig n o r e  th e  d f /d x  te rm  in  e q u a t io n  (2 .2 ,3 ) , 
and th e  sam e s o l u t i o n  c an  a l s o  be u sed  f o r  th e  TM m odes. 
H ow ever, th e  in d e x  p r o f i l e s  n(x) o b ta in e d  in  p r a c t i c e  a r e  su ch  
t h a t  t h e  w av e  e q u a t i o n s  c a n n o t  be  s o l v e d  e x a c t l y ,  a n d  
approxim ate m ethods a re  used in s te a d ,
M arcuse p o in te d  o u t t h a t  th e  a c tu a l  index p r o f i l e
can be approx im ated  by s t r a i g h t  l in e  segm ents, and s in c e  an e x a c t 
s o lu t io n  e x i s t s  fo r  a  l in e a r  p r o f i l e  in  te rm s o f B esse l fu n c tio n s  
o f  th e  orderj^ 1 /3 , approx im ate  s o lu t io n s  can be found by so lv in g  
th e  r e s u l t in g  m u lt i la y e r  s t r u c tu r e s .
A s im i la r  m ethod, developed by V assell^^*^^^, subd iv ided  
th e  inhom ogeneous w av eg u id e  i n t o  f i n i t e  t h i n  hom ogeneous 
s u b la y e r s .  Each l a y e r  w i l l  h av e  a  c o n s ta n t  r e f r a c t i v e  in d e x  
co rresp o n d in g  to  i t s  r e l a t i v e  p o s i t io n  in  th e  o r ig in a l  w aveguide, 
and de te rm in ed  by th e  r e f a c t iv e  index p r o f i l e .  By ap p ly ing  th e  
boundary c o n d itio n s  a t  th e  in te r f a c e s ,  th e  r e s u l t in g  s im u ltan eo u s  
eq u a tio n s  can be so lved  w ith  th e  h e lp  o f a com puter, fo r  bo th  th e  
e f f e c t i v e  in d e x  and  th e  e l e c t r i c  f i e l d  d i s t r i b u t i o n .  T h is  
a p p ro a c h  h a s  b een  a d o p te d  in  th e  a n a l y s i s  o f  inhom ogeneous 
w avegu ides(2 .1 6 ,2 .1 7 )^
2.3 Beam C oupling to  P la n a r  G uides
A lth o u g h  th e  p r o p e r t i e s  o f  th e  d i e l e c t r i c  w a v eg u id e s  
d e sc r ib e d  in  th e  l a s t  two s e c t io n s  - a re  somewhat s im i la r  to  th o se
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o f  m e t a l l i c  g u id e s  a t  m ic ro w av e  f r e q u e n c i e s ,  t h e r e  a r e  m a jo r 
d i f f e r e n c e s .  F i r s t l y ,  th e  g u id e  d im e n s io n s  ( 1pm) a t  o p t i c a l  
f r e q u e n c y  a r e  much s m a l l e r  th a n  a t  m icrow ave  f r e q u e n c y  ( 
^ Ic m ); s e c o n d ly ,  d i e l e c t r i c  g u id e s  a r e  open w a v e g u id e s  (as  
exposed to  c lo sed  m e ta l l ic  gu ides) w ith  energy ex ten d in g  in to  th e  
e x te r io r  space. These d i f f e r e n c e s  le a d  to  d i f f e r e n t  f a b r ic a t io n  
t e c h n i q u e s ,  w i t h  d i f f e r e n t  t o l e r a n c e s  a n d  c a p a b i l i t i e s .  
C o n se q u e n tly  th e  m ethods u se d  to  p ro d u c e  th e  f i e l d s  in  o p t i c a l  
g u id es  a re  d i f f e r e n t  from  th o se  used in  c lo sed  m e ta l l i c  g u id es.
T h ere  a r e  many m eth o d s o f  c o u p l in g  a l a s e r  beam i n t o  a 
d i e l e c t r i c  s l a b ,  su ch  a s  e n d - f i r e  c o u p lin g (2 '1 8 )   ^ h o lo g r a p h ic  
c o u p l i n g  , t a p e r e d  f i l m  c o u p l i n g ( 2 .2 0 ) ^  g r a t i n g
c o u p l in g (2*21) p r i s m  c o u p l in g (2.22)^ A lth o u g h  th e  g r a t i n g  
co u p ler appears to  o f f e r  th e  m o st s a t i s f a c t o r y  a r ra n g e m e n t f o r  
in te g ra te d  c i t i e s  a p p l ic a t io n s ,  th e  p rism  co u p ler i s  conven ien t 
to  u s e ,  and i s  m o st s u i t a b l e  f o r  l a b o r a t o r y  p u rp o s e s .  We u sed  
p r is m  c o u p le r s  in  o u r e x p e r im e n ts ,  and h en ce  in c lu d e  a b r i e f  
d e s c r ip t io n  o f th e  method.
2 .3 .1  The P rism  C oupler
Prism  c o u p le rs  having h igh  e f f ic ie n c y  (2*23) ^e b u i l t
to  couple  l i g h t  in to  and o u t o f a th in  f i lm  s t r u c tu r e .  F ig . 2.7
shows such an arrangem ent fo r  an in p u t co u p le r .
C o u p lin g  t o  a g u id e d  mode by m eans o f  a  p r is m  (w ith  
h ig h e r r e f r a c t iv e  index tlian  t h a t  o f th e  th in  film ) occu rs  when 
th e  p h a se  v e l o c i t y  o f  th e  e v a n e s c e n t  f i e l d  in  th e  gap  r e g io n  i s
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Tunnelling gap
ns
FIG 2.7 Prism coupler -  the incident field 
co u p les  to the surface w a v e
v ia  the ev a n escen t  field in th e
a ir  g a p
th e  sam e a s  t h a t  o f  th e  g u id e d  mode; th e  e n e rg y  i s  t r a n s f e r r e d  
v i a  a  t u n n e l l i n g  e f f e c t ,  w h ich  i s  o f t e n  known a s  o p t i c a l  
t u n n e l l i n g  due to  f r u s t r a t e d  t o t a l  r e f le c t io n ^ ^ * ^ '^ * ^ ^ ^ . The 
co rresp o n d in g  an g le  i s  c a l le d  th e  synchronous co u p lin g  a n g le , and 
i s  r e la te d  to  th e  e f f e c t iv e  index o f  th e  gu ide as
N -  npS in [ A + s in " ^ ( s in 9 g /n p ) ] (2 .3 .1 )
where 9^ i s  th e  synchronous co u p lin g  an g le , n^ i s  th e  r e f r a c t iv e  
index o f  th e  p r ism , and an g le  A i s  th e  ang le  betw een th e  base  and 
th e  i n c i d e n t  f a c e  o f  th e  p r is m . The a n g le  9^ i s  c o n s id e r e d  
p o s i t i v e  i f  th e  i n c i d e n t  beam l i e s  b e tw ee n  th e  n o rm a l to  th e  
p rism  and i t s  b a se . .
By r e c ip r o c i ty ,  a  s u r fa c e  wave in c id e n t  from  th e  r ig h t  
w ou ld  c o u p le  e n e rg y  i n t o  th e  p r is m  and r a d i a t e  o u t ,  h en ce  
a c h ie v in g  an o u tp u t  c o u p le r .  By o b s e rv in g  th e  o u tp u t  m - l in e  
p a t t e r n ,  th e  e f f e c t i v e  in d e x  o f  th e  g u id e  can  be m easu red  
a c c u ra te ly . M easurem ent o f  more th an  one synchronous ang le  9g 
p e rm its  th e  f i lm  th ic k n e ss  and r e f r a c t iv e  index to  be d e term ined  
from th e  d is p e r s io n  e q u a tio n
A d is a d v a n ta g e  o f  th e  p r is m  c o u p le r  i s  t h a t  th e  p r is m  
m a t e r i a l  m u st h av e  a r e f r a c t i v e  In d ex  h ig h e r  th a n  t h a t  o f  th e  
t h i n  f i l m .  A lth o u g h  i t  p r e s e n t s  no p ro b le m  f o r  m a t e r i a l  l i k e  
g l a s s  ( n n , l ,5 ) ,  i t  i s  n o t  th e  c a s e  f o r  a  h ig h  r e f r a c t i v e  in d e x  
m a te r ia l  l ik e  G allium  A rsen ide  (nA/3,6). In  a d d it io n  ca re  m ust 
be ta k e n  n o t  t o  s c r a t c h  th e  s u r f a c e  o f  th e  t h i n  f i l m  when 
clam ping on th e  p rism .
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2 .4  C onclusicxis
I n  t h i s  c h a p t e r ,  we h a v e  o u t l i n e d  t h e  g e n e r a l  
p r o p e r t i e s  o f  and a n a l y t i c a l  m e th o d s f o r  b o th  hom ogeneous and 
inhomogeneous w aveguides. P rism  co up ling , an e f f i c i e n t  method 
o f  c o u p lin g  l a s e r  l i g h t  t o  t h i n  f i l m ,  h a s  a l s o  b een  b r i e f l y  
d isc u sse d .
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chapter 2
Theoretical Analysis of Thin.Film Guided Wave Bragg 
Deflectors *
B ragg  w av eg u id e  d e f l e c t o r s  have  b een  f a b r i c a t e d  by 
d i f f u s i o n  ( s i lv e r - s o d iu m  io n  e x c h a n g e  i n  g l a s s ,  t i t a n i u m  
i n d i f f u s i o n  o r  p ro to n - e x c h a n g e  i n  l i t h i u m  n io b a te )  th ro u g h  an 
alum inium  g ra t in g  mask, o r by form ing  a th in  p h ase  p h o to r e s i s t  
g ra t in g  on to p  o f  th e  w aveguide, and ion-beam  e tc h in g  th e  p a t te r n  
o n to  th e  s u r fa c e  o f  th e  waveguide.
The purpose o f t h i s  c h ap te r  i s  to  p ro v id e  a  th e o r e t i c a l  
b ack g ro u n d  f o r  th e  d i s c u s s i o n  on B ragg  d e f l e c t o r s .  In  th e  
f o l l o w in g  s e c t i o n ,  we d i s c u s s  f i r s t  th e  s o l u t i o n  o f  th e  H i l l ' s  
d i f f e r e n t i a l  e q u a t io n s  b a se d  on th e  F lo q u e t  th e o re m  ( fo r  a TE 
m ode, th e  wave e q u a t io n  i s  known a s  th e  M a th ieu  d i f f e r e n t i a l  
e q u a t io n ,  w h ich  i s  a s p e c i a l  c a s e  o f  th e  H i l l ' s  e q u a t io n ) .  We 
th en  proceed  to  show t h a t  th e  Coupled Mode Theory i s  adequate  to  
an a ly se  th e  Bragg d e f le c to r s  made in  t h i s  work. The a t t r a c t i o n  
o f  t h i s  th e o ry  i s  i t s  s im p l ic i ty  and v e r s a t i l i t y .  S ta r t in g  from 
M a x w e ll 's  e q u a t io n s  we f i r s t  d e r iv e  a s e t  o f  c o u p le d  wave 
e q u a t io n s  f o r  th e  i n c i d e n t  and r e f l e c t e d  beam s, th e n  a s e t  o f  
tw o -d im en sio n a l coupled  wave e q u a tio n s  fo r  th e  p r o f i l e s  o f th e  
two beams (when th e  g ra t in g  has f i n i t e  d im ensions). F in a l ly  th e  
co u p lin g  c o n s ta n ts  fo r  th e  in te r a c t io n  betw een TE-TE, TE-TM, and 
TM-TM guided  modes a re  c a lc u la te d .
3 .1  Wave P ro p ag a tio n  in  P e r io d ic  D ie le c t r i c  S la b  Waveguide
P e r io d i c  w a v e g u id e s  can  be c l a s s i f i e d  i n t o  tw o ty p e s :
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th e  p e r i o d i c i t y  i s  e i t h e r  a p e r t u r b a t i o n  in  th e  d i e l e c t r i c  
c o n s ta n t  o f  th e  g u id in g  f i l m  o r  i t s  s u b s t r a t e  (Type I ) ,  o r  a  
p e r tu rb a t io n  o f th e  boundary (Type I I ) .  These s t r u c tu r e s  can be 
a n a ly s e d  u s in g  p e r t u r b a t i o n  te c h n iq u e s  (3*1” 3.4)^ o r  by a  
r ig o r o u s  a n a l y t i c a l  m ethod  and w i l l  now be c o n s id e r e d  in
tu rn .
3 .1 .1  PerturbaticM i in  th e  d i e l e c t r i c  c o n s ta n t  
— — — — — —  -
The s o u rc e - f re e  wave e q u a tio n s  in  a p e r io d ic  medium w ith  
p a r a l l e l  boundary a re  ;
TE MODE + k2(z)E  = 0, k^(z) = k q ^ [6 (z ) /G J  (3 .1 .1  a)
TM MODE V^Hy + k^(z)H ^ = 0, k^(z) ={kg2 £{z)/Q^
- [ l / g ( z ) . 3 G ( z ) / ) z . a  / i z ] ]  ( 3 .1 .1 b )
w h ere  ~ / ^ o  s r e  th e  f r e e  sp a c e  p e r m i t t i v i t y  
and p e r m e a b i l i t y ,  G(z) i s  th e  p e r m i t i v i t y  o f th e  inhom ogeneous 
medium, and U) i s  th e  an g u la r (rad ian ) frequency .
To s o lv e  th e s e  e q u a t io n s ,  th e  f u n c t io n  k (z) can  be 
ex p ressed  in  a  F o u r ie r  expansion  s e r i e s ,  th en  th e  f i e l d s  in s id e  
th e  p e r t u r b a t i o n  r e g io n  a r e  fo u n d , and f i n a l l y  th e  b o u n d ary  
c o n d i t io n s  a r e  a p p l i e d  t o  d e te r m in e  th e  f i e l d  a m p l i tu d e s  and  
p r o p a g a t io n  c o n s ta n t s  f o r  th e  w ho le  s t r u c t u r e .  A c lo s e d  fo rm  
s o lu t io n  e x i s t s  fo r  TE modes, and i t  i s  in  th e  form  o f  a  F lo q u e t 
i n f i n i t e  s e r ie s  o f space harm onics (see Appendix 3A). A c lo se d  
form  s o lu t io n  may a ls o  e x i s t  f o r  TM modes, depending on th e  form
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of th e  fu n c tio n  k^(z) R igorous s o lu tio n s  fo r  bo th  TE and
IM modes have a ls o  been fo rm u la ted
The d i s p e r s i o n  r e l a t i o n  can  be re p re se n te d  g ra p h ic a lly  
by th e  B r i l l o u i n  d ia g ra m  (F ig  3 .1 ), The sp a c e  h a rm o n ic s  ( in  
t h i s  case  r e s t r i c t e d  to  jlC, th e  g ra t in g  v ec to r) appear because o f 
th e  p e r i o d i c  p e r t u r b a t i o n .  C o u p lin g  o c c u r s  a t  th e  p h a s e -  
m atching p o in ts ,  th a t  i s ,  in te r s e c t io n  p o in ts  where two space 
harm onics have th e  same wave v e c to r ,  o r phase v e lo c i ty .  As th e  
tw o c o u p le d  h a rm o n ic s  a r e  c o n t r a d i r e c t i o n a l  (g roup v e l o c i t i e s  
having  o p p o s ite  s ig n s) a stopband appears . The waves in  th e  s to p  
bands a re  e x p o n e n tia lly  in c re a s in g  o r d ecreasin g  fu n c tio n s . In  
th e  p a s s b a n d s ,  th e  p r o p a g a t io n  c o n s ta n t  jh i s  r e a l  when th e  
medium i s  p a s s iv e , and th e  norm al modes o f th e  wave e q u a tio n  a re  
p e r io d ic  fu n c tio n s  s in c e  th ey  re p re s e n t  th e  f re e -ru n n in g  waves in  
th e  p e r io d ic  waveguide. In  th e  stopbands p  i s  complex, as .shown 
in  F ig . 3 ,1 , The phenom enon i s  e q u iv a l e n t  to  th e  w e l l  known 
B ragg  d i f f r a c t i o n  o f  X -ra y s  in  c r y s t a l  l a t t i c e s ,  g iv e n  by = 
mK/2 f o r  th e  m -th  o r d e r  i n t e r a c t i o n ,  m b e in g  any p o s i t i v e  
in te g e r ,  and K being  th e  g ra t in g  v e c to r .
A lthough th e  F lo q u e t fo rm u la tio n  i s  r e l a t i v e ly  s im p le , 
th e  n u m erica l c a lc u la t io n s  a re  invo lved . In  a  la rg e  number o f 
c a se s , however, th e  p e r io d ic  p e r tu rb a t io n  i s  r e l a t i v e ly  sm a ll and 
o n ly  few  sp a c e  h a rm o n ic s  have  to  be ta k e n  i n t o  a c c o u n t in  th e  
neighbourhood o f  a stopband fo r  s u f f i c i e n t  accuracy . T h is  means 
t h a t  th e  H i l l  d e te r m in a n t  (see  A ppendix  3A) can  be t r u n c a te d .  
For low o rd e r Bragg co u p lin g , an accuracy  b e t te r  th an  1 p e r c e n t 
can be o b ta in ed  w ith  a  m a trix  of s iz e  (2m+3) x (2mH-3)
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A l t e r n a t i v e l y ,  s i n c e  t h e  e i g e n s o l u t i o n s  o f  t h e  
u npertu rb ed  smooth waveguide a re  known, th e  wave s o lu t io n s  o f  th e  
p e r tu rb e d  waveguide can be c o n s tru c te d  from  th e se  e ig e n so lu tio n s . 
T h is  ty p e  o f  p e r t u r b a t i o n  th e o r y  i s  c a l l e d  c o u p le d  mode th e o r y  
a n d  i s  o n ly  a p p l i c a b l e  i f  t h e  c o u p l i n g  c o e f f i c i e n t ,  o^ 
p e r tu rb a t io n ,  i s  sm a ll. In  th e  case  o f s in u s o id a l  p e r io d ic i ty . 
{€{2) = € ^ [ 1 + 0  c o s ( K z ) ] } ,  w h e re  D i s  t h e  m o d u l a t i o n
c o e f f i c i e n t ,  and -A-.- 2TT/K i s  th e  p e r i o d i c i t y ) ,  h o w e v er, 
n u m e r ic a l  c a l c u a t i o n s  show t h a t  th e  c o u p le d  mode th e o r y  g iv e s  
good r e s u l t s  even  f o r  D up to  a  v a lu e  o f  1 The th e o r y
p r e d ic ts  c lo s e ly  th e  c o r r e c t  v a lu e  fo r  th e  im ag inary  p a r t  o f  th e  
wave v e c to r ,  b u t  d o es  n o t  p r e d i c t  w e l l  th e  p o s i t i o n  o f  th e  
s topband . . '
T h is  i s  b e c a u se  fh , th e  p ro p a g a t io n  wave v e c t o r ,  i s  
assumed to  be th a t  o f  th e  u n p ertu rb ed  w aveguide, w hereas in  th e  
F l o q u e t - B l o c h  f o r m a l i s m ,  i s  d e te rm in e d  fro m  th e  H i l l  
d e te rm in a n t. However, c o r re c t io n s  to  th e  u n p ertu rbed  can be 
o b ta in e d  by e v a lu a t in g  th e  a v e ra g e  change in  o v e r one
p e r io d ( 3 '8 )^
The above d i s c u s s io n  i s  c o n c e rn ly  m a in ly  w i th  f i r s t  
o r d e r  B ragg c o u p lin g .  F or h ig h  o r d e r  B ragg c o u p l in g ,  s i m i l a r  
coupled mode eq u a tio n s  can be d e riv ed  The main change i s
in  th e  c o u p lin g  c o e f f i c i e n t ^ / .  For th e  f i r s t - o r d e r  B ragg 
co u p lin g , X  i s  p ro p o r t io n a l  to  th e  p e r tu rb a t io n  D. For th e  m ^  
o rd e r Bragg co u p lin g , %  a; (m/2^m !
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3 .1 .2  Boundary P e r io d ic i ty
The wave eq u a tio n s  in  t h i s  case  a re  :
TE MODE V^EL+k^(x,z)E^ = 0,  k^(x,z) = (3.1.2a)
TM MODE V^Hy+k^(x,z)Hy = 0, k2(x ,z)  = {k^^ [g(x, z) / £ q]
. [ 7 e ( x , z ) / e ( x , z ) ] ^ H y  (3.1.2b)
The s o l u t i o n  i s  m o re  c o m p l i c a t e d  b e c a u s e  o f  t h e
9
f u n c t i o n a l  fo rm  k (x ,z) (b o th  x and z c o o r d in a te s  a r e  p r e s e n t )  
and th e  b o u n d ary  c o n d i t io n s  ( a t  th e  c u rv e d  p r o f i l e  o f  th e  
s u r fa c e  c o rru g a tio n ) . Only r ig o r o u s  s o l u t i o n s  e x i s t  f o r  b o th  
TE and TM m odes 3.11)^
I f  t h e  g r a t i n g  h a s  a  r e c t a n g u l a r  p r o f i l e ,  
a p p ro x im a tio n s  can  be m ade, and by r e p la c in g  th e  g r a t i n g  by a 
l a y e r  o f  c o n s t a n t  t h i c k n e s s  b u t  m o d u la te d  d i e l e c t r i c  
c o n s t a n t th e  p ro b le m  re d u c e s  to  th e  c a s e  d i s c u s s e d  in  
s u b s e c t io n  3 .1 .1  . F o r a m ore g e n e r a l  form  o f  g r a t i n g ,  t h r e e  
methods can be used:
1) By s u b d iv id in g  th e  g r a t i n g  i n t o  many f i n e  l a y e r s  and 
a p p ro x im a tin g  each  one o f  th e s e  p r o f i l e s  by a r e c t a n g u la r  
p r o f i l e ;
2) By em ploying an e x a c t n u m erica l in te g ra t io n ;
3) By a v e ra g in g  th e  p e r m i t t i v i t y  o v e r x f o r  e v e ry  v a lu e  o f  z 
i n s id e  th e  g r a t i n g  l a y e r  o f  t h i c k n e s s  T, i . e .  f o r  a p r o f i l e  o f  
th e  fo rm  x "  h (z) = h(z+A ), 0<x<T, th e  a v e ra g e  p e r m i t t i v i t y  
becomes € (z) = The problem  i s  th en  reduced to
t h a t  o f a  la y e r  w ith  un iform  th ic k n e ss , b u t v a ry in g  6 (r).
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Wang and De Wames h av e  a l s o  s tu d ie d
r e c t a n g u l a r  g r a t i n g s  in  te rm s  o f  a  p e r i o d i c  c h an g e s  in  th e  
w av eg u id e  t h i c k n e s s .  The th r e e - d im e n s io n a l  e l e c t r o m a g n e t i c  
f i e l d  p ro b le m  in  t h i s  c a s e  i s  r e p r e s e n te d  by a o n e -d im e n s io n a l  
wave eq u a tio n  which assum es t h a t  th e  mode index o f  th e  waveguide 
v a r i e s  p e r i o d i c a l l y  in  sp a c e . The a p p ro x im a te  s o l u t i o n  o f  
3 .1 .1 a  can  be u sed  i f  th e  g r a t i n g  h e ig h t  i s  l e s s  th a n  T /(m + l) , 
w h ere  T i s  th e  w av eg u id e  t h i c k n e s s ,  and m i s  th e  mode num ber. 
T h i s  c o n d i t i o n  i s  u s u a l l y  s a t i s f i e d  i n  m o s t  d e v i c e s .  
F urtherm ore , in  th e  expansion  o f  k^(z), th e  h ig h e r-o rd e r  F o u rie r  
components o f a n e a r ly  s in u s o id a l  g ra t in g  a re  much s m a lle r  than  
J :h o se  o f  a  r e c t a n g u l a r  g r a t i n g .  C o n se q u e n tly  fe w e r  te rm s  in  
th e  F lo q u e t  i n f i n i t e  s e r i e s  a r e  r e q u i r e d  to  c a l c u l a t e  r e l e v a n t  
p a ram ete rs  fo r  th e  same accuracy . •
I n  th e  c a se  w h ere  th e  s u r f a c e  p e r t u r b a t i o n  i s  s m a l l ,  
a g a in  th e  c o u p le d  mode th e o r y  can  be u sed . Y a r iv  and GoVer 
(3.15) show ed t h a t  th e  c o u p le d  mode and th e  F lo q u e t-B lo c h  
fo rm alism  in  p e r io d ic  o p t ic a l  w aveguide a re  e q u iv a le n t, w ith  th e  
H i l l  m a trix  in  th e  F lo q u e t c a lc u la t io n  tru n c a ted .
The sam e B r i l l o u i n  d ia g ra m  d e s c r ib e d  in  s e c t i o n  3 .1 ,1  
a ls o  a p p lie s  h e re , . The stopband  o f th e  co rru g a ted  w aveguides 
c an  be p r e d i c t e d  m ore a c c u r a t e l y  by e i t h e r  r e d e f i n i n g  th e  
t h ic k n e s s  o f  th e  w av eg u id e  o r  by t r a n s f o r m in g  th e
s t r u c tu r e  in to  a  Type I  waveguide
3 .2  Coupled Wave S o lu tio n
B e fo re  em b ark in g  on th e  d e t a i l e d  a n a l y s i s  we s h a l l
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c o n sid e r th e  common fe a tu r e s  o f th e  coupled mode th e o ry .
In  a  la rg e  number o f in te r a c t io n s ,  on ly  two guided  modes 
a r e  c o n s id e r e d  to  h av e  s u f f i c i e n t  p h a se  s y n c h ro n ism  f o r  pow er 
e x ch an g e . A l l  o th e r  m odes a r e  n e g le c te d ,  and s im p le  c o u p le d  
wave d i f f e r e n t i a l  e q u a t io n s  a r e  o b ta in e d  to  d e s c r i b e  th e  
i n t e r a c t i o n .  T h e r e  a r e  tw o  t y p e s  o f  i n t e r a c t i o n s ,  c o -  
d i r e c t i o n a l  i n t e r a c t i o n s  and  c o n t r a - d i r e c t i o n a l  i n t e r a c t i o n s .
troL
C o ^ d i r e c t io n a l  c o u p l in g  o c c u r s  b e tw e e n  a fo rw a rd  and b ack w ard  
mode.
For c o - d i r e c t i o n a l  i n t e r a c t i o n ,  th e  c h an g e s  in  th e  
a m p l i tu d e s  o f  tw o  c o u p le d  w aves A and  B can  be d e s c r ib e d  by th e  
d i f f e r e n t i a l  e q u a tio n s  o f tlie  form :
' A ' = - j '^ B Q ~ ^ 3 é z  , (3 .2 .1 )
B ' = - jX A e  , (3 .2 .2 )
w h ere  'X i s  th e  c o u p lin g  c o n s ta n t  w h ich  i s  r e a l  and u n ifo rm  in  
t h i s  s im p le  c a s e .  The c o u p lin g  c o n s t a n t  i s  d e te r m in e d  by th e  
p h y s i c a l  s i t u a t i o n  u n d e r c o n s i d e r a t i o n ,  and w i l l  be d e r iv e d  
e x p l i c i t l y  in  s e c t i o n  3 .4 . 6 i s  a  m easu re  o f  th e  d e v i a t i o n
from  synchronism  (S  -0  fo r  synchronism ). By means o f th e  s im p le  
s u b s t i t u t io n
A = Re B = S e i ^ ^  , (3 ,2 .3 )
th e  coupled  wave e q u a tio n s  ta k e  th e  form
R' -  R = - j R s  , (3 .2 .4 )
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S' + j<5s = - jX R  . (3.2.5)
I f  th e  b o u n d a ry  c o n d i t io n s  a r e  su ch  t h a t  R (0)=1, S (0)=0 th e  
s o lu t io n s  a re
S(z) = - ] X s in  . z ) t  (3 .2 .6 )
R(z) = cos(J){^+6^,z)+jS sin (/x^+ S ^.z)/jj/K ^iS ^ . (3 .2 .7 )
A t s y n c h ro n ism  (<T - 0 ) ,  t h e r e  i s  a  s i n u s o i d a l  in te r c h a n g e  o f  
energy betw een R and S,
S (z) = - j s i n  ( X z ) ,  R(z) = cos (H z) (3 .2 .8 )
A p l o t  o f  th e  i n t e n s i t i e s  IR-| an d  j s ^ l  i s  shown in  F ig . 3 .2 . 
The s o l u t i o n s  a r e  p e r i o d i c  f u n c t io n s  and a r e  in  th e  passtaand . 
For l a r g e  p h a se  m ism a tch  S »  1x1 t h e r e  i s  n e g l i g i b l e  pow er 
exchange.
T he d i f f r a c t i o n  e f f i c i e n c y  7\^  f o r  a  w a v e g u id e  
d e f le c to r  ( tra n sm iss io n  type) i s
^  , (3 ,2 .9 )
w h ere  ^ = K l ,  S  =(l/2)K Lâ©  and L i s  th e  g r a t i n g  l e n g th ,  K i s  
th e  g r a t i n g  v e c to r ,  and A .9  i s  th e  a n g u la r  d e v ia t i o n  from  th e  
B ragg  c o n d i t io n  a t  f ix e d  w a v e le n g th . We can  a p p ro x im a te  ^  a s  
independent o f A© fo r  s ig n i f i c a n t  d e v ia t io n , w ith o u t causing  an 
a p p re c ia b le  change in  tlie  p r e d ic t io n  o f (3.2.9), s in c e   ^ and & a re  
o f com parable m agnitude, Tlie cu rves fo r  the  an g u lar s e n s i t iv ie s
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FIG 3.2 Power exchange betw een two coupled  
m odes: (a)phase-m atched  condition,  
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co-d irect ional interaction
a r e  show n in  F ig . 3 .3 , w h e re  th e  n o rm a l is e d  e f f i c i e n c i e s  a r e  
p l o t t e d  a s  a  f u n c t io n  o f  f o r  t h r e e  v a lu e s  o f  The c u rv e  
f o r  ji = n y 2  c o r r e s p o n d s  t o  a  p eak  e f f i c i e n c y  o f  1 , and  th o s e  f o r  
(j> = TT/4, 3 ’TT/4 to  a  p eak  v a lu e  o f  0 .5 . T h e re  i s  som e n a rro w in g  
in  th e  s e n s i t i v i t y  c u rv e s  f o r  i n c r e a s in g  v a lu e s  o f  and a 
marked in c re a se  in  th e  s id e  lobe  in te n s i ty .
For c o n t r a - d i r e c t io n a l  i n t e r a c t i o n s ,  th e  d i f f e r e n t i a l  
e q u a tio n s  a re  o f th e  form
a '  = - jX B  e  , (3 .2 .1 0 )
B ' = j X a  , (3 .2 .1 1 )
and th e  s u b s t i tu t io n s
A = B = Se""^^^ , (3 .2 .12)
tra n sfo rm  th e se  in to  th e  coupled-w ave e q u a tio n s
R' + j ^ R  « - j K s  , (3 .2 .13 )
S ' -  = j*XR . (3 .2 .1 4 )
I f  th e  b o u n d ary  c o n d i t io n s  a r e  su ch  t h a t  R(0) = 1 ,  S(L) ~ 0 a t  
th e  end o f th e  p e r tu rb a t io n  z =L, th e  s o lu t io n s  a re
S(0) = c o th  L) + j j ’] , (3 .2 .1 5 )
R(L) =^)<^ - ( Î  c o sh  J )(^  -  <5^.L)
+ j  5* s in h  { “ ^ . L )  ] .  (3.2.16)
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interaction : normalised efficiency a s  a  
function of the off-Bragg parameter é
At synchronism ,
S{0) = - j ta n h ( 'K L ) ,  R(L) -  1 /c o sh (X l ) . (3 .2 .17 )
A p l o t  o f  th e  mode p o w e rs  | r ^ ( z ) | and ls^(z)| i s  show n 
in  F ig . 3.4. For s u f f i c i e n t l y  la rg e  argum ents o f th e  cosh and 
s in h  f u n c t io n s  in  (3 .2 .1 7 ), th e  i n c i d e n t  mode pow er d e c a y s  
e x p o n e n t i a l l y ,  d u e  t o  r e f l e c t i o n  o f  t h e  p o w e r ,  an d  n o t  
a b so rp tio n . T h is  e x p o n e n tia l decay behaviour co rresponds to  th e  
s to p b a n d  re g io n  o f  a  p e r i o d i c  medium d is c u s s e d  in  s u b s e c t io n
3 .1 .1 .
The d i f f r a c t i o n  e f f ic ie n c y  (fo r r e f le c t io n - ty p e )  i s  
-  {1 + ( l-5 'V ÿ ^ )/[s in h ^ (ÿ ^ ~ 5 ^ ) , (3.2.18)
w h e re  <f> an d  S h a v e  t h e  sam e  d e f i n i t i o n  a s  t h a t  f o r  a 
tra n s m is s io n - ty p e , and th e  an g u la r s e n s i t i v i t y  cu rves c a lc u la te d  
a r e  i l l u s t r a t e d  in  F ig . 3.5.  The peak  e f f i c i e n c i e s  a r e  43%, 
84% and 96% f o r  ÿ =TT/4, ”FT/2 and 3 TT/4, r e s p e c t i v e l y .  The 
d is c o n t in u i ty  at =S occu rs  when th e  argum ent o f th e  h y p e rb o lic  
f u n c t io n  in  (3.2.18) becom es im a g in a ry ,  and th e  e f f i c i e n c y  i s  
f a l l i n g  ra p id ly  fo r  S > /•
3 .3  Coupled Wave F o m alis ra
The s c a t t e r i n g  o f  l i g h t  t h a t  o c c u r s  i n  p e r i o d i c  
w a v eg u id e s  h a v in g  a d e f o r m a t io n  €  (x ,y ,z ) ( p e r io d ic  in  th e  z -  
d ire c t io n )  i s  a p h y s ic a l p ro c e ss . I t  can be viewed and analysed
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FIG 3.5 Angular sensitivities for contra-directional 
interaction : normalised effic iency  a s  a  
function of the off -  Bragg parameter 6
a s  a co u p led -m o d e  p r o c e s s .  F i r s t ,  o n ly  tw o m odes, b e in g  
ap p ro x im ate ly  synchronous fo r  a g iv en  frequency , a re  id e n t i f i e d ,  
and th e n  th e  c o u p le d -w a v e  s o l u t i o n s  g iv e n  in  s e c t i o n  3.2 can  be
a p p lie d . , „ ,, . ,  . I , . '  ,, i
We s t a r t  w ith  M axwell’s  eq u a tio n s  having th e  form
V x  E = -iW/tH ' , (3 .3 .1)
V x  H = jW£E + jCOP (3.3 .2)
where th e  complex am p litu d e  P (x ,y ,z) r e p r e s e n t s  a d i s t r i b u t i o n  
o f so u rces  e x c i t in g  v a rio u s  w aveguide modes. Using th e  v e c to r  
i d e n t i t y  V .(a x b )  = b. (V x a ) - a .  ( \7 x b ) , th e  f i e l d s  c a u se d  by tw o  
d i f f e r e n t  induced p o la r iz a t io n s  P-, and Po a re
(E^xHg* + E2*xH^) = “ j ^ P i E 2* + j ^ ^ 2 * ^ l  * (3 .3 .3 )
I f  we s e t  P 2 = 0 and i d e n t i f y  th e  f i e l d  2 w i th  a mode o f  th e  
w aveguide, and as in  Appendix 3B, in te g r a te  over a  c ro s s  s e c t io n  
o f  th e  w av eg u id e  (z = c o n s t a n t ) ,  and a p p ly  th e  d iv e rg e n c e  
theorem , we g e t
f r  dxdy(^/àz) (E2XH2* + E2*3(H^ )^g = jù )  (T dxdy (3 .3 .4 )
The o r th o g o n a lity  o f th e  modes (Appendix 3B) a llo w s  us 
to  ex p ress  th e  tra n s v e rse  components of th e  f i e l d  d i s t r i b u t io n  as 
a  su p e rp o s it io n  o f co n fined  modes,
^ I t  “  ^ tv  '  ^ I t  ^ tv  '  (3 .3 ,5 )
52
w h ere  a ^ (z )  and b ^ (z ) a r e  th e  c o e f f i c i e n t s  o f  th e  fo rw a rd  and 
backward modes r e s p e c t iv e ly ,  and a re  fu n c tio n s  o f z only . I f  we
c h o o s e  f i e l d  2 a s  a  f o r w a r d  m ode ( t r a v e l l i n g  in  t h e  +z
/
d i r e c t i o n ) :
E2 = IV z , H2 = e " i  . (3 .3 .6 )
By s u b s t i t u t i n g  (3 .3 .5) and (3 .3 .6) i n t o  (3.3.4) and  a p p ly in g  th e  
o r th o g o n a l i t y  r e l a t i o n ,  th e  b^  c o e f f i c i e n t s  d is a p p e a r  and we 
o b ta in
(h/hz) (z )] = j (  dxdy P .E ^  * . (3 .3 .7 )
"OÔ
S im ila r ly , i f  f i e l d  2 i s  a backward mode, ■
Eg = E_j^ e i  , Hg = H_^ei PyU z , (3 .3 .8 )
and we g e t
CÔ 
(
-cO
( ) / 3  Z) (Z)] = ic u  dxdy P.E_^* . (3 .3 .9 )
The above eq u a tio n s  a re  v a l id  on ly  fo r  p ro p ag a tio n  modes. I f  we 
d e f in e  th e  a m p l i tu d e s  A ^ ( z )  and (z) o f  th e  fo rw a rd  and 
backward modes a s
^ ( z )  -  ; y j z ) e  (" i , b|^(2) = ^ ( z ) e  (i , (3 .3 ,1 0 )
th e  p re s e n c e  o f  a p o l a r i z a t i o n  s o u rc e  w i l l  in d u c e  c h an g e s  t o
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th e se  a rrp litu d es  g iven  by
A ' ^ = - j w j | '  dxdy P . ^  *e(+i#/&z) , (3.3.11)
= jO lJJ dxdyP.E_^*e<"3f>nZ) , (3.3.12)
where th e  prim e in d ic a te s  d i f f e r e n t i a t i o n  w ith  re s p e c t to  z .
A s c a la r  d e fo rm a tio n  o f th e  waveguide can be re p re se n te d  
by th e  d i f f e r e n c e  A C  (x ,y ,z )  in  th e  d i e l e c t r i c  c o n s ta n t  and an 
induced p o la r iz a t io n  sou rce  o f  th e  form
P = A ê E . (3 .3 .1 3 )
Combining (3 .3 .5 ) and (3 .3 .1 3 ) ,
Pj. = A ê  Ej. = A £ F ( V W > ® tv  • (3 .3 .1 4 )
For th e  Eg component we o b ta in  from (3 .3 .2 )
jW (€ + (k G )E j, = V j, X H,. , (3 .3 .15 )
an d  t h e  e x p r e s s i o n  f o r  Pg i s ,  u s i n g  ( 3 .3 .5 ) ,  (3 .3 .1 5 )  an d
(2 .1 .15 )
Pg = = [ ^ ^ / (  €  + ^ G )] (1/]W) ( \x H ^ )
= [ A G / ( 6  + Ac.) ] (l/jOJ) ^  (a^-b^)'Y ^xPI^^ (3 .3 .16 )
=  [ & . £ . € / ( Ê  +  A é ) ]  2 ( a ^ - b ^ ) E 2^
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Hence (3 .3 .1 1 ) and (3 .3 .1 2 ) become 
A '^ =  - j w J J  dxdy 2^ 1 (a^ +
+ (a^ -  b y ) [ À e .e / ( e + A 6 ) ]  E ^ ^ .E ^ ^ e  0 . 3 . 17)
® V “  i‘"iÎ dxdy^ { (By + b^)&G E ^ ^ .E ^ /
- (ay- by) [A€.^(@+AQ] Egy.E2^*)e-iW, (3.3.18)
U sin g  th e  sy m m etry  r e l a t i o n s  (E^2 ( z ) = E ^ i( - z ) ) , Eg2 (z)=-E g]^(z)). 
To s i m p l i f y  f u r t h e r ,  we in t r o d u c e  t a n g e n t i a l  and l o n g i t u d i n a l  
coup ling  c o e f f ic ie n t s  (z) and (z) d e fin ed  by
oA
= Cojr dxdyASE^^.E^* (3.3.19)
-od
= W (T 'dxdy[ &6 . ^ (g + A 6 )] E g ^ .E g /  (3 .3 .20 )
U sing  th e  tw o c o u p l in g  c o e f f i c i e n t s  and (3 .3 .1 0 ), (3 .3 .17) and
(3 .3 .1 8 ) become
+ (3 .3 .2 1 )
+ e i  'Pv "& '= :) (3 .3 .22 )
These two e x p re ss io n s  a re  th e  coupled wave eq u a tio n s  fo r  th e  case
o f  w av eg u id e  d e f o r m a t io n .  For c o - d i r e c t i o n a l  c o u p l in g ,  by
s u b s t i t u t i n g  A -  A^^ and B = A^, (3,2.1) and (3.2.2) can  be
o b ta in ed  from  (3.3,21). S im ila r ly ,  by s u b s t i tu t in g  A ™ A , and BAt
= B ^  in  (3.3.21) and (3 ,3 .2 2 ), (3.2.10) and (3.2,11) can  be
o b ta in ed  fo r  c o n t r a - d i r e c t io n a l  c o u p l in g .  (3 .3 .21) and (3.3.22)
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i n d i c a t e  th e  ch an g e  in  th e  a m p l i tu d e  o f  e ac h  mode (jx^ ) a s  a 
f u n c t io n  o f  th e  d e f o r m a t io n  th e  m odal f i e l d  d i s t r i b u t i o n ,  
and o f  th e  a m p l i tu d e s  o f  a l l  o th e r  modes p r e s e n t  in  th e  g u id e s .  
Note th a t  th e  co u p lin g  c o e f f i c i e n t  i s  ex p ressed  in  v e c to r  form , 
and i s  v a l id  fo r  bo th  TE and TM modes.
A t t h i s  s t a g e ,  o n e  c a n  m ake som e s i m p l i f y i n g  
assum ptions. We assume th a t  on ly  two guided  modes a re  im p o rtan t 
and t h a t  a l l  o th e r  m odes can  be ig n o re d . T h is  l e a d s  t o  th e  
c o u p le d  w ave i n t e r a c t i o n s  d e s c r ib e d  in  s e c t i o n  3 .2 . A n o th e r 
common assum ption  i s  t h a t  &G. (x,y,z) i s  on ly  a  sm a ll p e r tu rb a t io n  
o f th e  d i e l e c t r i c  c o n s ta n t G (x ,y ) o f th e  waveguide.
3 .3 .1  O blique  In c id e n c e  in  1‘hin F ilm  P e r io d ic  Waveguide
C o n s id e r  a  g u id e d  TE mode i n c i d e n t  o b l iq u e ly  a t  an  
a n g le  O o n to  a  p e r i o d i c  r e g io n  o f  a  d i e l e c t r i c  s l a b  w av eg u id e . 
The g r a t i n g  v e c to r  K i s  d e f in e d  a s  2 TT/Af w h e r e - A - is  th e  
p e r io d ic i ty  o f th e  g ra t in g  (Fig. 3.6). The in te r a c t io n  betw een 
th e  g ra t in g  and th e  in c id e n t  wave g e n e ra te s  an o th er gu ided  TE o r 
TM w ave, w h ich  m oves away fro m  th e  g r a t i n g  a t  an  a n g le  O
V*
T h e ir p ro p a g a tio n  c o n s ta n ts  s a t i s f y  th e  w ell-know n g ra t in g
eq u a tio n
3^^cos0^ + P^cos0^ “  K (3 .3 .2 3 )
(3 .3 .2 4 )
U sin g  (3.3,21) and (3 ,3 ,2 2 ), th e  c o u p le d  wave e q u a t io n s  f o r  su ch
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FIG 3.6 S ch em atic  diagram of a  w a v e  
incident obliquely onto a  
grating  region
a n o n -c o ll in e a r  case  a re
âa^/âz  + j  PjjCOsB = Y ( 3. 3, 25)  
d a^" /d z  -  j^yC osO  .a ^ “ = JUL^ (3 .3 .26 )
w h e re  a ^  ( = ] ^  and a ^  (=B^) a r e  th e  mode a m p l i tu d e s  o f  th e  
i n c i d e n t  and r e f l e c t e d  w aves r e s p e c t i v e l y ,  and X  i s  th e  
coup ling  c o n s ta n t. These e q u a tio n s  have th e  same form  as  th a t  
d e s c r ib e d  in  s e c t i o n  3 .2 , and  th e  sam e s o l u t i o n s  a p p l ie d  h e r e .  
The m ost im p o rtan t p a ra m e te r , X , th e  coup ling  c o n s ta n t, and i t s  
r e l a t i o n  to  th e  c o u p lin g  c o e f f i c i e n t , X  # w i l l  be d e s c r ib e d  i n  
s e c t i o n  3 .4 ,
3 .3 .2  Tifo D im ensional Coupled Wave F o n m lism
The above coupled wave th e o ry  fo r  o b liq u e  in c id en ce  h as  
a l s o  b een  d e r iv e d  s e p a r a t e l y  by S tegem an  e t  a l .  and
W agatsum a e t  a l .  In  a l l  o f  th e s e  d e r i v a t i o n s ,  th e
g ra t in g  (or p e r tu rb a tio n )  i s  assumed to  ex tend  i n f i n i t e l y  in  two 
d im ensions so  t h a t  th e  f i e l d  components a re  dependent on ly  on th e  
s in g le  rem ain ing  c o o rd in a te  a long  which th e  g ra t in g  i s  f i n i t e  (z- 
d i r e c t i o n  i n  o u r  c a s e ) .  G e n e r a l l y  g o o d  a g r e e m e n t  w i t h  
ex perim en ts  has been o b ta in ed  u sin g  t h i s  o n e-d im ensional th eo ry , 
f o r  b o th  d i f f r a c t i o n  e f f i c i e n c y  an d  a n g u l a r / w a v e l e n g t h  
s e l e c t i v i t y .  H ow ever, t h e r e  i s  no a s s e s s m e n t  o f  th e  beam 
q u a l i t y .  To do t h i s ,  a  t w o - d i m e n s i o n a l  c o u p le d  w ave 
t h e o r y i s  used in s te a d  (F ig . 3 .7 ) .
58
Q  ^
grating
reg ion
n
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A t B ragg  in c id e n c e ,  n e g l e c t i n g  th e  p h a se  c u r v a tu r e  o f  
th e  beam s ( i t  i s  common to  assu m e tw o q u a s i - p l a n e  w a v e s ) , th e  
t o t a l  e l e c t r i c  f i e l d  in  th e  g ra t in g  re g io n  can be w r i t t e n  a s  :
E (y ,z ) ”  P ( y ,z ) e ” ^^+^ + Q (y ,z )e ^ ^ -^  (3 .3 .2 7 )
w h e re  P (y ,z ) and  Q (y ,z) a r e  th e  co m p lex  a m p l i tu d e s  o f  th e  
t r a n s m i t t e d  and d i f f r a c t e d  w av es , and r  -  (x ,y ,z ) .  H ere  K ^ =  
p(+y sinp + z cos0 ) ,p  i s  th e  p ro p a g a tio n  wave v e c to r ,  and ^  i s  th e  
Bragg ang le . By s u b s t i t u t in g  (3.3.27) in to  th e  wave e q u a tio n
V^E + k g V ( y , z ) E  = 0 , (3,3.28)
■ n e g le c tin g  ^  P and V %  (assum ing energy  in te rc h an g e  betw een P 
and Q to  be s lo w ) and  a l l  o th e r  w aves g e n e r a te d  in  d i r e c t i o n s  
o th e r  than  and K_, to g e th e r  w ith  a l l  o th e r h ig h e r d i f f r a c t i o n  
o rd e rs , le ad s  to  th e  coupled  wave e q u a tio n s  (comparing te rm s w ith  
eq u al e x p o n en tia ls )
c o sÿ (3P/Bz) 4- s in ^ (^ P /3 y ) + j>^Q = 0 (3 ,3 .2 9 )
cosj6 (SQ/àz) -  s inÿ (âQ /ày ) + jM p  -  0 (3 .3 .3 0 )
where )< i s  th e  coup ling  c o n s ta n t .
To s o l v e  (3 ,3 .2 9 )  an d  ( 3 .3 .3 0 ) ,  we i n t r o d u c e  new 
c o o r d in a te s  o r th o g o n a l  t o  K_, and f o r th o g o n a l  to  K.j. (see  
F ig . 3 .7 ) ,  such th a t
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% = y cosj> + z siri(f (3 .3 .3 1 )
^  = -y  cos^  + z sin(f , (3 .3 .3 2 )
r e s u l t in g  in  a  s im p l i f ie d  v e rs io n  o f th e  coupled wave e q u a tio n s , 
w i th  P (y ,z )  and  Q (y ,z) b e in g  t r a n s f o r m e d  to  P(^,i^) and  Q (^ ,i\) . 
The a m p l i tu d e  d i s t r i b u t i o n  a c r o s s  th e  beam s a r e  d e p e n d e n t on 
Sy and n, o n ly .
The new e q u a tio n s  a re  :
+ j)< 'Q  = 0 (3 .3 .3 3 )
ào /J» ) + j H 'P  = 0 (3 .3 .3 4 )
w h ere  X ' = X / s i n  2^ . (3 .3 .33) and  (3 .3 .34) c an  be s i m p l i f i e d
f u r th e r  by one more tra n s fo rm a tio n  :
(3 .3 .3 5 )
= X’ f (3 .3 .36 )
and we a r r iv e  a t  th e  f i n a l  form of th e  coupled wave eq u a tio n s  :
)p /& u + jQ = 0 (3 .3 .3 7 )
) Q /) v  + jP  = 0 (3 .3 .3 8 )
The e q u a tio n s  can be so lv ed  once th e  boundary c o n d itio n s  
a r e  s p e c i f i e d .  The b o u n d a ry  c o n d i t io n s  th e n  im p ly  t h a t  th e
f u n c t io n  i s  g iv e n  on one l i n e  and i t s  d e r i v a t i v e s  on a n o th e r .
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T h ese  l i n e s  a r e  c h a r a c t e r i s t i c  o f  d i f f e r e n t i a l  e q u a t io n s ,  in  
w h ich  c a s e  R iem an n 's  te c h n iq u e  i s  a p p l i c a b l e .  H ow ever,
L a p la c e  t r a n s f o r m a t i o n  i s  u sed  in  w h a t f o l l o w s ,  and  th e  sam e 
r e s u l t s  can  a l s o  be o b ta in e d  fro m  S o ly m a r 's  s o l u t i o n b y  
p ro p e r ly  accoun ting  fo r  th e  boundary and perfo rm in g  th e  r e s u l t in g  
in te g r a t io n .
The g ra t in g  bou n d aries  a re  co o rd ia n a te  l in e s  in  th e  { ^ ,  
t )^ c o o rd in a te  sy stem , and we s p e c ify  th e  boundary co n d ito n s  a s
= 1  (a p lan e  wave) (3 .3 .39 )
Q(frO) -  0 (3 .3 .4 0 )
Perform ing th e  L aplace tra n sfo rm  w ith  re s p e c t to  u .
A A
s  P (s ,v )  + ]Q = 1 (3 .3 .4 1 )
c )Q (s ,v ) /à v  + jP  = 0 (3 .3 .4 2 )
w h ere  s  i s  th e  t r a n s f o r m  v a r i a b l e ,  and t i l d e s  i n d i c a t e  th e  
tran sfo rm s  o f P and Q. The s o lu t io n  i s
P (u ,v ) = J „ (2 ju v )  (3 .4 .4 3 )
Q (u,v) = j j v / u  J]^(2juv) (3 .4 .4 4 )
T he i n t e n s i t y  p r o f i l e s  f o r  t h e  t r a n s m i t t e d  an d  
d i f f r a c te d  beams fo r  v a r io u s  v a lu e s  o f  (-^X'Jw'pWq) a re  p lo t te d
in  F ig s . 3.8 and 3.9 re s p e c t iv e ly .  The in te n s i ty  d i s t r i b u t io n
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FIG 3.9 Normalised in tensity  profiles for the  
diffracted beam for var ious  v a lu e s  
of w.
i s  u n ifo rm  ( r e s e m b lin g  th e  o r i g i n a l  beam) a t  f i r s t ,  b u t ,  a s  th e  
co up ling  in c re a s e s ,  th e re  i s  v a r ia t io n  a c ro ss  th e  beam, fo r  bo th  
th e  d i f f r a c te d  and t r a n s m it te d  beams.
The powers in  th e  in p u t and o u tp u t beams a re
^ i n  = ” P (3 .3 .4 5 )
^ o u t  = ^o^(2X '/Ji^Q )du = Wp [Jo2(Wq)-KTjl^ (Wo)] (3 .3 .4 6 )
^ o u t  = J* * 1 w p A )Ji^ (2 X ';Jw ^ )d v  = Wp[l-<rQ^(Wg)-<r^^(WQ)] (3 .3 .4 7 )
I t  c an  be s e e n  t h a t  pow er i s  c o n se rv e d . The d i f f r a c t i o n  
e f f ic ie n c y  E(w^) i s
E(Wq) = 1 -  J q2(Wq) -  J i ^(Wq) (3 .3 .4 8 )
The r i g h t  hand  s id e  o f  E(Wq) i s  a  n o n - d e c r e a s in g  
fu n c tio n  o f w^ having  h o r iz o n ta l  ta n g e n ts  a t  th e  zero s  o f 
F ig s ,  3,10 and  3 .11 . I t  t h e r e f o r e  h a s  a  c h a r a c t e r  in  b e tw ee n  
K o g e l n i k 's  r e f l e c t i o n  h o lo g r a m s ,  w h o se  e f f i c i e n c y  i s  an 
i n c r e a s i n g  f u n c t i o n ,  h a v in g  no h o r i z o n t a l  t a n g e n t s ,  an d  
t r a n s m is s io n  h o lo g ra m s , w h ich  h av e  o s c i l l a t i n g  e f f i c i e n c y  
fu n c tio n s , w ith  p e r io d ic  h o r iz o n ta l  ta n g e n ts . One hundred p e r 
c e n t e f f ic ie n c y  i s  n o t p o s s ib le ,  s in c e  the  d i f f r a c te d  beam b reaks 
up.
A lso no te  t h a t  th e  same e f f ic ie n c y  w i l l  be o b ta in ed  i f  
th e  c o u p lin g  c o n s ta n t  and th e  p r o d u c t  WpWg a r e  th e  sam e (F ig .
3 .1 2 ). T h is  seem s odd a t  f i r s t .  The re a s o n  i s  b e c a u se  o f  th e
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FIG 3.11 The diffraction effic iency E(Wq) for  
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of a  "hole" in the diffracted beam
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FIG 3.12 Diffracted and transmitted b ea m s
having different w idths  : (a) Wp = WQ^ 2
( b )W p  = W q ^ ( c ) W p 2  = W q^. If th e  cou p l­
ing coefficient is th e  s a m e  for a l l  
t h r e e  c a s e s , t h e  diffraction efficiency  
will b e  th e  s a m e
phase  s h i f t  lT/2 im parted  to  th e  d i f f r a c te d  beam by th e  g ra t in g . 
The d i f f r a c t e d  beam p ro d u c e d  by th e  f i r s t  s c a t t e r i n g  w ou ld  be 
s c a t te r e d  o u t in to  th e  o r ig in a l  d i r e c t io n  in  a second s c a t te r in g  
e v e n t  ( th e  g r a t i n g  w i l l  s c a t t e r  l i g h t  in  b o th  d i r e c t i o n s .  F ig .
3.13). However, t h i s  second s c a t t e r in g  produces a  beam which i s  
o u t  o f  p h a se  w i th  th e  s t r a i g h t  th ro u g h  beam , and re d u c e s  th e  
t o t a l  o u tp u t  a m p l i tu d e .  H ence th e  e f f i c i e n c y  in  F ig . 3 .1 2 (a ) i s  
n o t  h ig h e r  th a n  t h a t  in  F ig .  3 .12 (b ) o r  3 .1 2 (c ) . •
3 .4  C oupling C o e f f ic ie n t
I n  t h i s  s e c t i o n ,  t h e  c o u p l i n g  c o e f f i c i e n t  (an d  
c o n s ta n t )  w i l l  be e v a lu a te d  e x p l i c i t e l y ,  w i th  th e  h e lp  o f
(3 ,3 .1 9 ) to  (3 .3 .2 2 ) ,
3 .4 .1 , C oupling  C o n sta n ts  o f  C orrugated  W avegu ide
We f i r s t  d i s c u s s  th e  c a s e  o f  a  c o r r u g a te d  p l a n a r  s l a b
w av eg u id e . The p e r i o d i c a l l y  v a ry in g  f i l m  th ic k n e s s  can  be
re p re se n te d  by (F ig . 3 .14)
h (z ) = T + ^ h  cos(Kz) , (3 .4 .1 )
w h ere  K (= 2TT/A-) i s  th e  g r a t i n g  v e c t o r , A i s  th e  p e r io d ,  and  T
i s  th e  f i l m  th i c k n e s s  w i th o u t  th e  c o r r u g a t io n .  C om bin ing
(3.3.19) and (3 .3 .2 0 ), th e  c o u p lin g  c o e f f i c i e n t  p e r  u n i t  w id th  
along th e  y - d i r e c t io n  can be w r i t t e n  as
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grating
region
FIG 3.13 Oblique incidence of a  w ave  
onto a  grating region showing  
Bragg scattering (multiple r e -  
f lec t ion s)  inside the region
X
A
A
T
n
n,
n.
FIG 3.14 Cross section  of a  corrugated  
s la b  w avegu id e .  T is the film 
thickness,Ah is the amplitude 
of the corrugation, and A  is 
th e  period
ax6G[E^^E^^+(G/|&+&g)E^^E^^] . (3.4.2)
By e x p r e s s in g  A g  in  te rm s  o f  th e  r e f r a c t i v e  i n d i c e s  n(x) and 
n^Cx) o f  th e  p e r tu rb e d  and u n p e rtu rb ed  w aveguide, and in te g r a t in g  
o n ly  in  th e  x - d i r e c t i o n ,  (b e c au se  in  p la n a r  g u id e s  th e  l i g h t  i s  
c o n f in e d  in  one d im e n s io n  o n ly ,  and  th e  c o r r e s p o n d in g  m odal 
f i e l d s  a re  fu n c tio n s  o f t h i s  c o o rd in a te  o n ly ) , becomes
*]}dx . (3 .4 .3 )
The r e l a t i o n  o f ^^y.(z) to  th e  co up ling  c o n s ta n t )< o f  th e  coupled 
wave e q u a tio n s  i s
= ‘u 6^ J{ (n 2-nQ2) }dx.&h cos(Kz)
= )^ [e(jK z) + e (- jK z )]  . (3 .4 .4 )
Hence th e  n o rm a lised  co u p lin g  c o n s ta n t ^ i s  th e
pow er p e r  u n i t  l e n g th  a lo n g  th e  y - d i r e c t i o n )  i s ,  u s in g  (3 .4 .3 ) ,
(3 .4 .4 )  and (2 .1 .3 3 ) ,  .
^  ' (j^(n ') t^ tv ^ t^* ^^^o  )^ z v ^ ;^  I^ x^/ J i' e^  dx)
. . . .  (3 ,4 .5 )
p p
The d i f f e r e n c e  n -n ^  i s  n o n -z e ro  o n ly  in  th e  r e g io n  -Ah<x<ah. 
When th e  g r a t i n g  s u r f a c e  b u lg e s  o u tw a rd  fro m  th e  mean s u r f a c e  
(x=0) , n ^ -n ^ ^  = n ^ ^ -n ^ ^  and n ^ V n ^ ^ n ^ V n ^ w h e n  th e  g r a t i n g  
s u r fa c e  bu lges inw ard, n^^-n^^-n^^-n^^ and n ^V n ^-n ^V n ^^ . I t  i s  
a p p a r e n t  t h a t  th e  d o u b le d -v a lu e d  r a t i o  n^/vP' w i l l  c a u s e  a
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p ro b le m  in  (3 .4 .5 ). In  o u r a n a l y s i s  we fo l lo w  M a rc u se 's  
work^^*^^^ and approx im ate  n^/rP  by th e  g eo m etric  mean (which i s  
u n ity  in  t h i s  case) o f  i t s  two v a lu e s .
For c o l l in e a r  in c id e n c e , th e  d i r e c t io n  o f  p ro p a g a tio n  i s  
p a r a l l e l  to  th e  g ra t in g  v e c to r , and th e  E f i e l d  o f th e  TE mode i s  
p e r p e n d ic u la r  t o  th e  E f i e l d s  o f  th e  TM mode, and t h e r e  i s  no 
mode co n v ers io n .
F or o b l iq u e  in c id e n c e ,  by d e f in in g  th e  u n i t  v e c t o r s  i ,  
j ,  k a lo n g  th e  c o o r d in a te  a x e s  x , y  and  z , th e  e l e c t r i c  f i e l d s  
a re  (F ig . 3 .6)
V= , (3 .4 .6 )
Egjx ”  E ^ ^ i n ^  e (-]K ay  sin0jj^)  ^ (3 .4 .7 )
™  mode E ^ =  [ ( î? V iu 6 o n o 2 )H ^  + (? /jW ^n^2) ( ) H ^ y J x ) s in ^ ]
.e M & d r  s in e ^ )  , (3 . 4 . 8)
x) cose^] e  ("3 ^  . ( 3 . 4 . 9)
By s u b s t i t u t in g  th e  a p p ro p r ia te  E v e c to r  components in to
(3 .4 .5 ) , th e  n o r m a l is e d  c o u p l in g  c o n s t a n t s  f o r  th e  c a s e s  TE-TE, 
TE~T4 and TM-Œî^ l a re  ;
6Ù
(TE-TE) _ kp^ co a(Q ^+ e^)
2j ()}^cos0j|^ . P^cose^) ^ov^dx j l / 2
  (3 .4 .10 )
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04- —  r "  2 £î!2é
Xjnj,(TE-OM) - k p / p A s in (9 ^ + e ^ )  J _ ^ A n E o v  gu-ng- )%.
2 I?vj(cos9^cos0^) [j'^Eg^^dx f  H Q j^V np^x]l/2
"TA -bO
  (3 .4 .1 1 )
#6 ^
k ( T M - T M )  (4: ^ ^ ) ]
2 ] (c o s 9  c o s e  ^  [C ti^dx.r^H gy d x ]
 ^  ^ • • • •  (3 .4 .1 2 )
w h e re  A n ^ = n ^ -n Q ^ , k^= 2Tï/>\Q, Aq th e  f r e e  sp a c e  w a v e le n g th .
The c o u p lin g  c o n s t a n t s  above can  be e v a lu a te d  by i n s e r t i n g  th e  
f i e l d  e x p re ss io n s  d e riv e d  in  c h a p te r  2 (Appendix 3C).
In  F ig s . 3.15 and 3.16, we p l o t  th e  n o rm a lised  coup ling  
c o n s ta n t  a s  a f u n c t io n  o f  f i l m  th ic k n e s s  and  in c id e n c e  a n g le  
r e s p e c t i v e l y .  W a v e g u id e  p a r a m e te r s  su ch  a s  f i l m  in d e x  oundL 
s u b s t r a t e  in d e x  and  c-o g ru g -a t io n - d e p th  2-A h a r e  l i s t e d  in  th e  
f i g u r e s .  As e x p e c te d ,  th e  c o u p l in g  c o n s ta n t  becom es z e r o 'f o r  
TE-TE c o u p lin g  a t  45^. The TM-TM c o u p lin g  c an  a l s o  be z e r o ,  
d e p e n d in g  on th e  w a v eg u id e  p a r a m e te r s .  By e x a m in in g  th e s e  
cu rv e s , th e  in f lu e n c e  o f  d i f f e r e n t  p a ram e te rs  can be ex p lo red  so 
as  to  a llo w  o p tim ise d  d e s ig n  o f th e  g ra t in g  d ev ice s .
3 ,4 .2  C oupling C o n sta n ts  o f  P e r io d ic  Index  W aveguides
A s s u m i n g  t h a t  t h e  t r a n v e r s e  d i s t r i b u t i o n  o f  t h e  
r e f r a c t i v e  in d e x  a lo n g  th e  z - c o o r d in a t e  n o rm a l t o  th e  l i n e s  o f  
th e  g r a t i n g  (a lo n g  th e  g r a t i n g  v e c to r )  i s  a f u n c t io n  o f  f ( z ) ,  
th en
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FI G 3.15 Coupling coefficient a s  a  function of 
waveguide thickness for the two  
lowest order m odes ( 0  = cf)
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FIG 3.16 Coupling coefficient of a  th r e e - la y e r e d  
corrugated  w avegu id e  a s  a  function  
of incidence a n g le  0
n (x ,z )  = n g u b s t ra te  f ( z ) ] v ( x )  (3 .4 .13)
w h e re  An i s  t h e  a m p l i t u d e  o f  t h e  s p a t i a l  m o d u la t io n .  v(x) t a k e s  
i n to  account th e  v a r i a t i o n  of th e  r e f r a c t i v e  index change normal 
to  th e  p lan e  o f  th e  waveguide (for an inhomogeneous waveguide).
n (x ,z )  can be expanded in  a F o u r ie r  s e r i e s  as
cO
S
n (x ,z )  = ^ A n ^  + v(x) n^cos[2T[/(A/m)] z (3 .4 .14)
w h e re  n ^  i s  t h e  F o u r i e r  com ponen t o f  th e  g r a t i n g .  S in c e  
o n ly  th e  fu n d a m e n ta l  F o u r i e r  com ponen t i s  i n s t r u m e n t a l  i n  t h e  
f i r s r  o r d e r  B ragg d i f f r a c t i o n ,  we can  n e g l e c t  a l l  h i g h e r  
harmonics te rm s, and (3 .4 .14) can be w r i t t e n  a s
n(x,z) = ( " s u b s t r a te  ■'■Ano) + v(x)An cos(2tÿiAjz . (3 ,4 ,15)
We a re  concerned w i th  TE modes on ly , and th e  n o rm a lised  
coup ling  c o n s ta n t  can be o b ta in e d  by s u b s t i t u t i n g  (3.4.15) in to  
(3 .4 .1 0 ) ,
V - I f  ^^verage co s2 0 A n  J '^ v (x )E y  dx
cose
*îf ^average  c o s 28A n  c cos2©An k TT
A N CO S0 COS0 A o
(3 .4 .16)
where N i s  the  e f f e c t i v e  index, n^verage “ "o ^ A n ^  as  d e f in ed  in  
(3 .4 ,14) , c i s  d e f i n e d  a s  t h e  o v e r l a p  i n t e g r a l  c o n s t a n t  (a
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m e asu re  o f  t h e  o v e r l a p  b e tw e e n  th e  TE f i e l d s  a c r o s s  t h e  
r e f r a c t i v e  index v a r i a t io n )  and has  a va lue  between zero  and one, 
and k = ("av erag e /^ )c -
A s i m i l a r  e x p r e s s i o n  h a s  a l s o  b e e n  d e r i v e d  by 
Kenan For a  w e l l  guided mode in  a un ifo rm  s la b  waveguide
(v(x) -  I f  ^average “  ^ f )
' IT An cos 29 (3 .4 .17)
Aq N COS0
3 .5  Ccmclusions
In  t h i s  ch ap te r  we have d iscu ssed  in  d e t a i l  th e  coupled 
wave f o r m a l i s m  u sed  i n  t h e  a n a l y s i s  o f  t h e  B ragg d e f l e c t o r s  
f a b r i c a t e d  in  o u r  e x p e r i m e n t s .  Both one-d im ensional and tw o- 
d im ens iona l coupled wave eq u a t io n s  have been d e r iv e d ,  and t h e i r  
s o lu t io n s  p re s e n te d .
78
% 3 e n d ix  3A
The wave eq u a t io n  in  a  sy m m e tr ic a l ly  p e r io d ic  medium i s  
o f  th e  form.
d^y'/dz^ + f(z>y/= 0 (1)
CÔ
y
f ( z )  = f(z+2TT/K) = ^  a^cos (nKz) (2)
w h e re  a^  a r e  r e l a t e d  t o  t h e  F o u r i e r  c o e f f i c i e n t s  o f  t h e  
p e r i o d i c i t y  f u n c t i o n  and  t o  t h e  w avenum ber i s
t h e  f r e e  s p a c e  w a v e le n g th  and J\_ = 2'TT/K i s  t h e  p e r i o d  o f  t h e  
medium. a ^  i s  a l s o  r e l a t e d  t o  t h e  t r a n s v e r s e  wave v e c t o r  
whenever i t  e x i s t s .  The s o lu t io n  o f  (1) a re  th e  H i l l  fu n c t io n s  
T- o f  which M athieu 's  fu n c t io n s  -are a  s p e c i a l  case  (when a^ ”  0 f o r  
‘ n y  0, 1). The H i l l  e q u a t i o n  a l s o  a p p l i e s  f o r  f  (z) odd. The 
g e n e ra l  s o lu t io n  i s  in  a F lo q u e t  form
y / = A(z) (3)
where A(z) i s  a  p e r io d ic  fu n c t io n ,  and , which i s  s in g le -v a lu e d
f u n c t i o n  o f  t h e  a ^ ' s ,  i s  t h e  p r o p a g a t i o n  wave v e c t o r .  The 
p e r i o d i c  f u n c t i o n  A(z) c an  be ex p an d ed  i n  a F o u r i e r  s e r i e s ,  and 
th e  s o lu t io n  then  i s
y /  = Y "  g i ( | )+ n K )z  
haôô
The d i f f e r e n t  co m p o n en ts  o f  ^  a r e  c a l l e d  t h e  s p a c e
harm onics of th e  p ro p ag a t io n  wave. The space harm onics do n o t
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e x i s t  ind ep en d en tly .  They a r e  p a r t  o f  a  t o t a l  s o lu t io n .
S u b s t i tu t i n g  (4) i n to  (1 ) ,  one o b ta in s
Y [ - ( ( i + r i K ) \  + 1 / 2 %  "m (V m + V m >  ] ( P +"K)zl ^  0  (g)
n m
S in c e  t h e  above  r e l a t i o n  m u s t  h o ld  f o r  any v a l u e  o f  z ,  
(5) reduces  to  an i n f i n i t e  s e t  o f  homogeneous e q u a t io n s
-2(p + n K ) \  + = ° , n = 0, +1 .. (6)
m
which can be w r i t t e n  in  a  m a tr ix  form
M • A (7)
The s o lu t io n  w i l l  be n o n - t r i v a l  i f  th e  d e te rm in a n t  o f  th e  H i l l ' s  
m a tr ix  i s  z e ro ,  i . e . ,
d e t  I I m[ = 0 (8)
T his  i s  th e  d i s p e r s io n  r e l a t i o n  which g iv e s  th e  va lu e  o f  p  as  a  
f u n c t i o n  o f  t h e  a ^ ' s .  The s o l u t i o n  o f  (7) w ou ld  th e n  g iv e  t h e  
r e l a t i v e  v a l u e s  o f  t h e  s p a c e  h a r m o n ic s ,  t h a t  i s ,  The
v a lu e  o f  Aq i s  de term ined  from th e  boundary c o n d i t io n .
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Aippendix 3B
For a l o s s l e s s ,  s o u r c e - f r e e  s c a l a r  medium, (3.3.3)
becomes
' V .  (E^xH^* + E2*xHj )^ = 0 (1)
I f  we s e p a r a t e  E and H i n t o  l o n g i t u d i n a l  f i e l d s  c o m p o n en ts  and 
t r a n s v e r s e  f i e l d  com p o n en ts  r e l a t i v e  t o  t h e  d i r e c t i o n  o f  th e  
waveguide a x is  ( z -a x is  in  t h i s  c a s e ) , (1) becomes
V f  (EiXH2*+E2*xH2)^ + (E^xH2*+E2*xH^)g = 0 , (2)
where V b = ( V ^ x ,  ^ / ) y ,  0) i s  th e  t r a n s v e r s e  d e l  o p e ra to r ,  and 
=(0, 0, ^ /^ z )  i s  th e  lo n g i tu d in a l  d e l  o p e ra to r .
The n e x t  s t e p  i s  t o  i n t e g r a t e  o v e r  a c r o s s  s e c t i o n  
o f  t h e  w av eg u id e  ( z - c o n s t a n t ) , and a p p ly in g  t h e  d iv e r g e n c e  
theorem to  the  f i r s t  te rm  we g e t
0Ô
Jk. ■A*
f  ®t *’^  d x d y V f  t  ~ ^  ds  (E2^ xH2*-}-E2*xH^)
“cÆ
where e^ i s  the  u n i t  v e c to r  p e rp e n d ic u la r  to  th e  curve e n c lo s in g  
th e  waveguide (the l i n e  in t e g r a l ) .  I f  one of the  two modes i s  a 
g u id e d  mode w i t h  f i e l d  d e c a y i n g  e x p o n e n t i a l l y  t o w a r d s  
i n f i n i t y ,  t h e  l i n e  i n t e g r a l  b e c o m e s  z e r o .  H e n ce  a f t e r  
i n t e g r a t i o n  th e  rem ain ing  te rm s  a re
dxdy ( ) / ) z )  (Etl^H^2* ■*' ^ t2 * ^ ^ t l^  = 0 • (4)
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I f  we assume f u r t h e r  t h a t  th e  two fo rw ard  modes have d i f f e r e n t  
p ro p a g a t io n  c o n s ta n ts ,  t h a t  i s ,  /  3  2 ' then  we can drop 9 / J z ,  
and (4) becomes
1
CO
dxdy(E^ixH^2* + ’^ t 2 * ^ t l ^  ”  ^ '  P i  ^  P 2 * (5)
'~oO
U sin g  t h e  z - r e v e r s a l  sy m m e try ,  t h e  f i e l d s  o f  t h e  b ack w ard  
t r a v e l l i n g  modes a re
E (-z )  = E(z) , H{-z) = H(z) (6 )
and (4) becomes
U dxdY(E^]^xH^2* ”  “ 0 , P i  f  P 2 - (?)
Adding (4) and (7) we o b ta in  the  s im ple  o r th o g o n a l i ty  r e l a t i o n
cb
dxdy ( E f  xH^2*) == 0 '  P 1 P 2 (8 )
'■'où
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j^qper^ix 3C 
TI^-TE Coupling
h(z)>T.
(1)
(z)<T.
K/. Ç '  hAs shown in  F ig .  3 .1 4 ,6 6 = 2
I n s e r t i n g  (1) in to  (3.4.10), assum ing Ah i s  sm a l l  so  t h a t  we can 
r e p l a c e  Ey(x) by t h e  c o n s t a n t  f i e l d  a t  t h e  f i l m - c l a d d i n g
i n t e r f a c e .
^  IT Ah cos29 (ng^-ng^)E^^
“  r ÇOÙ 2
Aq cos9 Ng I  Ey 'dx
"oO
From (2 .1 .32) and (2 .1 .33) we g e t  th e  norm alised  v a lu e  o f  E , andc
IT Ah cos 20 (ng^-n^^) ^y  _ " ------- ' " t  “ c /" c
~ V = ° ® 0  Me
I T  A h  COS2 0  ( n g ^ - N ^ ^ ) E g  
Xq CO S0 N g E £% ?g
X A h  ( n g ^ - N ^ ^ )  C O S29
Ao '^e cosG
(3)
(4)
(5 )
TE-TM Coupling
iH /2)x (w hich  i s  E^) i s  c o n t in u o u s  a c r o s s  th e  f i l m - c l a d d i n g  
b o u n d a ry ,  and we can  u s e  t h e  sam e p r o c e d u r e  a s  ab o v e ,  by 
r e p l a c i n g  à H /)x  w i t h  a c o n s t a n t  v a lu e  U sing  (2olo5) and
(2 .1 .3 7 ) ,
fi j x  n, 2
83
(6)
• \
  (7)
m
Hence combining (5),(7) and (2.1.44), we g e t ,  a f t e r  some a l g e b r a
y  _ T i b  sin20(Nj^^) V 2 (j^ ^ 2 ^ ^ 2 j 1 /2  (n^2_^^2^1/2 (N^^-n^^^) V 2
^  Ao cose (Ng) 1 /2  " A
TM-TM Coupling 
2
The (E^) component i s  d is c o n t in u o u s  a c ro ss  th e  f i lm -c o v e r
b o u n d a ry ,  w h ich  l e a d s  t o  t h e  a p p e a r a n c e  o f  h i g h e r  h a r m o n ic s  i n  
We n e g l e c t  them  by d e f i n i n g  a s  t h e  f u n d a m e n ta l  
am p litude . Again we assume A h  i s  s m a l l ,  and us ing  th e  r e l a t i o n  
n^^E^ (outside) =n^^E^ ( in s id e ) , - and th e  r e s u l t s  d e r iv ed  fo r  th e  TE- 
TM case ,  we g e t
X uv
j r A h  (nf^-N„,2) ^  (N j/n f)2-cos29[(N jj/n^ ,)2 -l]  j- 
K  c o s 0 [ ( l^ /n f )2 + ( r l j /n ^ )2 _ i ] (9)
I n  t h i s  c a l c u l a t i o n ,  t h e  f i e l d  i s  a ssum ed  t o  be t h a t  f o r  a f l a t  
s l a b  waveguide of th ic k n e s s  T. T h is  approach i s  term ed " lo c a l  
n o rm a l  m odes", d e v e lo p e d  by M arcuse(3 '22 )^  Our r e s u l t  a g r e e s  
w i th  t h a t  of Stegeman e t  a l . ( ^ '^ ^ ) ,  who use  a p e r tu r b a t io n  f i e l d  
th e o ry .
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1
F a b r ic a t io n  o f  Thin  Fi^Lm Bragg D e f le c to r s  ^  D i f fu s io n  P ro cesse s
. O p t ic a l  waveguides formed by v a r io u s  ty p es  of d i f f u s io n  
p ro c e sse s  w id e ly  used in  in te g r a te d  o p t ic s .  These
t e c h n i q u e s  a r e  b a se d  on a m o d i f i c a t i o n  o f  t h e  c o m p o s i t i o n  i n  a  
s u p e r f i c i a l  l a y e r  o f  a d i e l e c t r i c  s u b s t r a t e .  A c t iv e  d e v i c e s  
such as sw i tch e s  and m odu la tions  a re  formed in  e l e c t r o - o p t i c  or 
a c o u s t o - o p t i c  m a t e r i a l s  l i k e  l i t h i u m  n i o b a t e  and l i t h i u m  
t a n t a l a t e ,  w h i l e  p a s s i v e  d e v i c e s  su ch  a s  l e n s e s  o r  pow er 
s p l i t t e r s  a re  formed in  g la s s  s u b s t r a t e s .
In  t h i s  c h ap te r  we d e s c r ib e  novel tech n iq u es  to  produce 
p e r io d ic  index waveguides by d i f f u s i o n  p r o c e s s e s .  The p l a n a r  
geom etry of th e  p e r io d ic  waveguides produced in  t h i s  work have 
d i s t i n c t  a d v a n ta g e s  o v e r  w a v e g u id e s  w i t h  p e r i o d i c  s u r f a c e s  
(C h ap te r  5) i n  t e r m s  o f  lo w e r  s c a t t e r i n g  l o s s e s  and e a s e  o f  
f a b r i c a t io n .  P a ss iv e  Bragg d e f l e c t o r s  have  been  d e m o n s t r a t e d  
u s ing  an ion-exchange p ro c e ss  in  g l a s s ,  and a p ro ton-exchange* or 
t i t a n iu m  in d i f f u s i o n  p ro c e ss  in  l i th iu m  n io b a te .  We w i l l  
f i r s t  o u t l i n e  b r i e f l y  t h e  b a s i c  m echanism  o f  t h e  t h r e e  
p r o c e s s e s ,  and  th e n  t h e  m a n u f a c tu r in g  s t e p s  o f  t h e  B ragg 
d e f l e c t o r s .
* Done in  c o l l a b o r a t io n  w ith  I .  Andonovic and K.K. Wong
** Done in  c o l l a b o r a t io n  w i th  I .  Andonovic, B. B jo r to rp  and A.Yi-
Yan
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4 .1  Io n  E x c h a n g e  G la s s  O p t ic a l  Waveguides
The method o f  p roducing  p a s s iv e  o p t i c a l  waveguides by 
io n  ex ch an g e  i s  w e l l  e s t a b l i s h e d (4.1^4.7 ,4 .8)^ i t s  a d v a n ta g e s
over more com p lica ted  f a b r i c a t i o n  t e c h n o l o g ie s  (4 .9 ,4 .10) i n c l u d e  
e a s e  o f  f a b r i c a t i o n ,  low  o p t i c a l  l o s s  and low  m a t e r i a l  c o s t .
The c h e m ic a l  i o n i c  e x ch an g e  b e tw e e n  a g l a s s  s u b s t r a t e  
and a m olten  b a th  o f  a  s u i t a b l e  e l e c t r o l y t e  has been known f o r  a 
long tim e. I t  improves th e  s u r f a c e  m e c h a n ic a l  p r o p e r t i e s  o f  
g l a s s ,  and i s  a  s i m p l e  and e f f e c t i v e  t e c h n i q u e  o f  p ro d u c in g  a 
g r a d i e n t  in d e x  l a y e r  i n  a  g l a s s  s u b s t r a t e .  A so d a  l im e  g l a s s  
can  be d e s c r i b e d  a s  an  e r r a t i c  l a t t i c e  o f  c h e m i c a l l y  bonded 
s i l i c o n  and oxygen a to m s  (S i02+;^). Na"  ^ io n s  r e m a in  in  t h e  
v i c i n i t y  o f  monobonded oxygen atoms in s id e  th e  l a t t i c e .  When a 
p ie c e  o f  g la s s  i s  immersed in to  a  m olten  m e lt  o f  a  s a l t ,  Na"*" 
io n s  i n  th e  g l a s s  t h e r m a l l y  o u t d i f f u s e  and a r e  r e p l a c e d  by 
i n d i f f u s e d  B"^  m e t a l l i c  io n s  f ro m  t h e  m e l t .  T h i s  e x c h a n g e -  
d i f f u s i o n  p r o c e s s  p e n e t r a t e s  be low  t h e  s u r f a c e  o f  t h e  g l a s s  
s u b s t r a t e s  t o  a d e p th  o f  s e v e r a l  m ic ro n s  d e p e n d in g  on th e  m e l t  
te m p e ra tu re  and le n g th  of im m ersion t im e , can be spon taneously  or 
e l e c t r i c a l l y  a s s i s t e d ,  and t h e  w a v e g u id e s  fo rm ed  can  be made 
c o m p a t i b l e ,  i n  b o th  g e o m e t ry  and r e f r a c t i v e  in d e x ,  w i t h  g l a s s  
o p t i c a l  f i b r e s .
Not a l l  t y p e s  o f  g l a s s e s  a r e  s u i t a b l e  f o r  t h e  i o n -  
ex ch an g e  p r o c e s s .  The g l a s s  s h o u ld  p o s s e s s  m o b i le  c a t i o n s ,  
s i n c e  i t  i s  t h e s e  l o o s e l y  bound m o b i le  c a t i o n s  t h a t  d i f f u s e  
r e a d i ly  tlirough th e  e s s e n t i a l l y  immobile s i l i c a t e  s t r u c t u r e  and 
exchange w ith  ions in  a m e l t  a t  th e  g la s s  s u r fa c e .  The new ions
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w i l l  t h e n  d i f f u s e  th r o u g h  t h e  s i l i c a t e  s t r u c t u r e  ( io n  ex ch an g e  
may t h e r e f o r e  be v ie w e d  a s  an  " i n t e r d i f f u s i o n "  o f  tw o  o r  more 
io n ic  s p e c i e s ) .
I t  h a s  been  shown e x p e r i m e n t a l l y  t h a t  t h e  p r e s e n c e  o f
CaO i n h i b i t s  t h e  e x ch a n g e  p r o c e s s  , b e c a u s e  t h e  Ca^^
d ec rea se s  the  m o b i l i ty  o f  sodium ions  in  s i l i c a  g la s s .  However, 
t h e  p r e s e n c e  o f  o t h e r  o x id e s  l i k e  Na2Û, K2O o r  L i 20 w i l l  m o d ify  
t h e  s i l i c a t e  s t r u c t u r e  and made a v a i l a b l e  m o b i le  c a t i o n s .  
P o s s i b l e  e x c h a n g e a b le  i o n s  a r e  Li"^ (4-12)^ (4.1)  ^ Ti"*" (4.3)^
Ag+ (4 .8) , CS+ (4 .13).
I n  o u r  w ork , s i l v e r / s o d i u m  io n  ex ch an g e  i s  c h o se n  
because d e t a i l e d  s tu d ie s  o f  p la n a r  o p t i c a l  waveguides f a b r i c a t e d  
by  t h i s  t e c h n i q u e  h a v e  b e e n  c a r r i e d  o u t  i n  o u r  
d e p a r t m e n t u s i n g  b o th  p u r e  and d i l u t e d  (w i th  
sodium n i t r a t e )  m e lts  o f  s i l v e r  n i t r a t e .  By e v ap o ra tin g  a t h in  
f i l m  o f  a lu m in iu m  on t h e  g l a s s  s u r f a c e  and d e l i n e a t i n g  s t r i p e  
w indow s in  t h e  a lu m in iu m  f i l m  p r i o r  t o  t h e  ex ch an g e  p r o c e s s ,  
s t r i p e  o p t i c a l  w a v e g u i d e s  h a v e  a l s o  b e e n  f o r m e d  u s i n g  
s i l v e r / s o d i u m  io n -e x c h a n g e  i n  a p u r e  melt^'^’ '^^^  ( the aluminium
f i l m  i n h i b i t s  th e  ion-exchange p ro c e ss ,  excep t in  th e  opening, o r  
window region) and have been an a ly sed .
The l a r g e r  mass and h ig h e r  p o l a r i s a b i l i t y  o f  th e  s i l v e r  
i o n s ,  com pared  t o  t h o s e  o f  t h e  so d iu m  i o n s ,  i n c r e a s e  th e  
r e f r a c t i v e  index, of th e  g la s s .  W ith pure  s i l v e r  n i t r a t e  m e lt ,  a  
l a rg e  change in  th e  r e f r a c t i v e  index, t y p i c a l l y  0,09 a t  th e  g la s s  
s u r f a c e ,  i s  p r o d u c e d (4*8)^ H o w e v e r ,  t h e  h i g h  s i l v e r  
c o n c e n t r a t i o n  p r e s e n t  i n  t h e  g l a s s  i s  a p ro b le m ,  b e c a u s e  th e
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s i l v e r  a to m s  may t u r n  i n t o  c o l l o i d a l  c r y s t a l s ,  and t h e s e  
in h o m o g e n e i t i e s  (y e l lo w  s t a i n i n g  o f  t h e  g l a s s )  l e a d  t o  l a r g e  
a n g le  s c a t t e r i n g ,  i n c r e a s i n g  t h e  p r o p a g a t i o n  l o s s e s  o f  t h e  
w av eg u id e  . F u r th e r m o r e ,  t h e  r e p e a t a b i l i t y  o f  t h e  mode
in d ic e s  i s  poor, u n le s s  th e  te m p e ra tu re  o f  th e  m e l t  i s  c o n t r o l l e d  
t o  w i t h i n  0.1°C (4-17),
To c i r c u m v e n t  t h e  p ro b le m ,  m e l t s  o f  s i l v e r  n i t r a t e  
d i lu t e d  w i th  sodium n i t r a t e  a re  used in s te a d .  The peak s u r fa c e  
index d i f f e r e n c e  can be v a r ie d  from i t s  maximum va lu e  (0.09) to  
0, depending on th e  degree  o f  d i l u t i o n  (Fig. 4.1). In  our work, 
a very  d i l u t e  m e l t  (0.1% AgNO^/NaNO^ by w eight) was used (4-14)^
4 .1 .1  I n t e r d i f f u s  io n  % e o ry
The s i l v e r  c o n c e n t r a t io n  a t  th e  g la s s  s u r fa c e  depends on 
t h e  e q u i l i b r i u m  s t a t e  b e tw e e n  t h e  m e l t  p h a se  and t h e  g l a s s  
p h a s e  (4.11f4.18)^ i n  t h e  g l a s s  t h e  i n d i f f u s i n g  Ag"  ^ io n s  w i l l  
have  a  lo w e r  m o b i l i t y  com pare  t o  t h a t  o f  t h e  o u t d i f f u s i n g  Na"^ 
i o n s .  Hence a n e t  e l e c t r i c  c h a r g e  ( n e g a t iv e  i n  t h e  g l a s s )  and  
e l e c t r i c  f i e l d  w i l l  i n i t i a l l y  b u i l d  up a s  t h e  i n t e r d i f f u s i o n  
proceeds. However, th e  e l e c t r i c  f i e l d  s e t  up w i l l  speed up th e  
s low er moving Ag"  ^ ions  and slow down th e  f a s t e r  moving Na"  ^ io n s ,  
and e l e c t r i c a l  n e u t r a l i t y  i s  p r e s e r v e d  by t h i s  e l e c t r i c  
p o t e n t i a l  (or d i f f u s i o n  p o t e n t i a l ) .  Under t h i s  c o n d i t io n ,  i f  we 
assu m e  t h a t  t h e  d e p l e t i o n  o f  t h e  Ag io n s  f rom  t h e  m e l t  c an  be 
i g n o r e d  ^4*19)  ^ t h a t  th e  s e l f  d i f f u s io n  c o e f f i c i e n t s  o f  th e  Ag
and Na ions  in  g l a s s  a r e  independen t o f  c o n c e n tra t io n ,  th e
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exchange p ro c e ss  can be re p re se n te d  by th e  eq u a tio n
• Na"  ^(g la ss )  + Ag"*" (melt) = Ag*’" (g la ss)  + Na"  ^(melt) (4 .1 .1 )
The e q u i l i b r i u m  c o n d i t i o n  ( e q u a t io n  4.1.1) w i l l  be 
d e t e r m in e d  by a  e q u i l i b r i u m  c o n s t a n t  and may be w r i t t e n
as  (4.20)
ln(Wg/l-Wg) = 1 /  [ln(M^g/Mfja) -  ( E ^ ) . ( l -2 % a)+ ln (k g t ,)  1 (4 .1 .2 )
w h ere  Wg i s  t h e  f r a c t i o n  o f  Na io n s  r e p l a c e d  by Ag io n s  a t  t h e  
s u r f a c e ,  and a r e  th e  mole f r a c t i o n s  of Ag and Na ions  in
th e  m e lt ,  r e s p e c t iv e ly .  i s  th e  n e t  i n t e r a c t i o n  energy  o f  th e
io n s  (Ej^ -  3 ,5x10^ J .m o le ” ^ o f  AgNO^/NaNO^ m e l t )  and 'i i s  a 
c o n s t a n t  (X >1). S t e w a r t  e t  a l .  found  t h a t  = 131, and 
Y  = 1 .3 2 .  F rom  e q u a t i o n  ( 4 . 1 . 2 ) ,  i t  c a n  b e  s e e n  t h a t  by 
c h a n g in g  th e  m e l t  c o m p o s i t i o n  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  Ag 
i o n s ,  and h en ce  th e  s u r f a c e  in d e x  c h an g e ,  can  be any  d e s i r e d  
v a lu e ,  rang ing  from i t s  maximum v a lu e  f o r  a pure  m e lt  t o  zero.
4 .1 .2  D i f f u s io n  P r o f i l e  W ithout A Mask
I f  th e  r e f r a c t i v e  index i s  assumed to  vary  l i n e a r l y  w ith  
t h e  s i l v e r  c o n c e n t r a t i o n ,  t h e  c o n c e n t r a t i o n  p r o f i l e  C can  be 
exp ressed  t h e o r e t i c a l l y  by th e  d i f f u s i o n  eq u a tio n
à c / ^ t  = [D ^ (^ C /3 x)] (4 ,1 .3 )
w h e re  i s  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t .  (4.1.3) c an  be
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r e w r i t t e n  in  th e  form
Dab = DB/[l-«^(Cg/C()) (Cg/Cq) ] = Dg/[l-06(angAnp)C] (4.1.4)
w h e re  oL- (D^-*Dg)/D^i D^, Dg a r e  t h e  sod ium  and s i l v e r  s e l f ­
d i f f u s i o n  c o e f f i c i e n t s .  C ~ Cg/Cg, w h ere  Cg i s  t h e  s i l v e r  
c o n c e n t r a t io n  and Cg i s  th e  s u r f a c e  c o n c e n tra t io n  o f  s i l v e r .  
i s  th e  sodium c o n c e n t r a t io n  in  th e  unexchanged g l a s s ,  andAnp and 
AUg a r e  t h e  s u r f a c e  in d e x  c h a n g e s  w i t h  a  p u r e  and d i l u t e  m e l t  
r e s p e c t iv e ly .  From (4.1.4), th e  p r o f i l e  dep th  and p r o f i l e  form 
changes w ith  d i l u t i o n  o f  th e  m e lt .  For a very  d i l u t e  m e l t  (as 
i n  o u r  c a s e ) ,  0^( A n g / ^ n p ) A / 0, D^g = Dg and t h e  s o l u t i o n  o f  
(4.1.2) i s  (4-21)
C = e r f c  (x /2 J " % t)  (4 .1 ,5 )
The v a lu e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  Dg can  be
c a lc u la te d  u s in g  tlie  A rrh en iu s  e q u a t i o n  4^* 19)
Dg = Dg e (-&B/KT) (4 .1 .6 )
w h ere  AH i s  t h e  a c t i v a t i o n  e n e r g y ,  R i s  t h e  U n i v e r s a l  Gas 
C o n s tan t ,  and T i s  th e  a b so lu te  tem p e ra tu re .
S t e w a r t  ^4*16) found t h a t  th e  r e f r a c t i v e  index p r o f i l e  o f  
a waveguide f a b r i c a t e d  from a pu re  m e lt  has th e  form
n(x) = Ug - A n p  [ (x /d )+ b(x /d )2 ] (4 .1 .7 )
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where d = 1.19x10^ t V 2  exp(-1.02xl0 '*/2T) urn (4 .1 .8 )
b = 0 .64 , t  i s  t h e  d i f f u s i o n  t im e  i n  m in u te s ,  and T i s  t h e  
t e m p e r a t u r e  o f  t h e  m e l t  i n  K e lv in .  For a  v e r y  d i l u t e  m e l t  
(AHgAHp < 0 .3 ) ,  a  l i n e a r  p r o f i l e  can  be assum ed  by p u t t i n g  b  = 
0 and  r e p l a c i n g  th e  d e p th  p a r a m e t e r  d by d '  i n  (4.1.7)
d ' / d  = 0.26+0.74 ( A n g /A tv )  (4 .1 .9 )
4 .1 .3  D if f u s io n  P r o f i l e  Through A Mask
The c o n c e n t r a t i o n  p r o f i l e  in  t h i s  c a s e  becom es a two 
d im ensional problem, and can be expressed  t h e o r e t i c a l l y  a s (4.22)
J c /J t  = (V S x ) [D ^ (  5 c /à x ) ]+ (J /à y )  [ D ^ g ( iC / à  y)] (4.1.10)
where has th e  same d e f i n i t i o n  as  in  ( 4 .1 ,3 ) .
The use o f  aluminium as  a  d i f f u s io n  mask means th e re  i s  
an e l e c t r i c a l l y  conducting  d i f f u s io n  b a r r i e r ,  and u n f o r t u n a t e l y  
i t  i s  i m p r a c t i c a l  t o  d e r i v e  a n  e x a c t  s o l u t i o n  o f  t h e
d i f f e r e n t i a l  eq u a tio n  w ith  a conducting  boundary. Walker (4-15) 
found  t h a t  f o r  s t r i p e  w a v e g u id e s  made u s in g  a m e t a l l i c  mask 
t h e r e  was ' s i l v e r  r e d u c t i o n '  a lo n g  t h e  i n n e r  b o u n d a ry  o f  t h e  
a lu m in iu m  w indow s, w h ere  th e  a lu m in iu m  f i l m  and t h e  d i f f u s e d  
r e g i o n  o v e r l a p p e d .  N i t r i c  a c i d  h a d  no  e f f e c t  on t h i s  
d e p o s i t i o n ,  i n d i c a t i n g  t h a t  i t  w as  m o re  t h a n  a s u r f a c e  
d e p o s i t io n .  Waveguides made u s in g  an anodised mask were f r e e  
f rom  t h i s  ' s i l v e r  r e d u c t i o n ’. No such  ' s i l v e r  r e d u c t i o n '  was
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a l s o  o b s e r v e d  f o r  m e t a l l i c  mask when tw o  s t r i p e  w a v e g u id e s  
converge to  w i th in  Sum o f  each o th e r ,  or when a  p ie c e  o f  th e  mask 
i s  e l e c t r i c a l l y  i s o l a t e d  f ro m  t h e  b u lk  (e.g. t h e  c e n t r e  p o r t i o n  
o f  a  r i n g  r e s o n a t o r ) .  T h i s  i n d i c a t e s  t h a t  u n d e r  t h e s e  
c o n d i t io n s  th e  m e t a l l i c  mask, d e s p i t e  i t s  e le c t ro c h e m ic a l  f i e l d ,  
w i l l  a c t  l i k e  a non-conducting  mask, and w i l l  have l i t t l e  e f f e c t  
upon th e  q u a n t i ty  o f  s i l v e r  ions  d i f f u s e d  in  through  th e  window, 
and th e  f i n a l  d i f f u s i o n  p r o f i l e .  From a thermodynamic p o in t  o f  
v ie w ,  t h e  d i f f u s i o n  r a t e  w i l l  d ep en d  on t h e  f r e e  e n e r g y  o f  t h e  
system , and w i l l  be a f f e c t e d  on ly  by some e x te r n a l  energy  source. 
I n  t h i s  c a s e  t h e  o n ly  e x t e r n a l  e n e r g y  s o u r c e  w i l l  be  t h e  
e le c t ro c h e m ic a l  p o t e n t i a l ,  which appears  to  be n e g l ig ib le .  By 
r e p la c in g  th e  m e t a l l i c  mask w i th  a  non-conducting  mask, n u m erica l  
te ch n iq u es  can be c a r r i e d  o u t  to  so lv e  the  d i f f e r e n t i a l  e q u a tio n ,  
s u b je c t  to  tlie boundary c o n d i t io n s  o f  an i n s u l a t i n g  mask (4"23)^
We u se  an  a lu m in iu m  g r a t i n g  mask i n  o u r  w ork , t h e  
a lum inium  l i n e s  be ing  c lo s e  to  one an o th er  (1.5pm sp ac in g  between 
tw o  l i n e s ) ,  h e n ce  t h e  m odel o f  t h e  n o n -c o n d u c t in g  mask i s  u sed  
f o r  th e  d i f f u s io n  p r o f i l e ,  and our ex p e r im en ta l  r e s u l t s  (Chapter 
6) con firm  t h i s  assum ption .
By s u b s t i t u t i n g  z = lo g ( l  -C(C) in  (4.1.10) having  th e  
same d e f i n i t i o n  as  in  ( 4 .1 .4 ) ,  we o b ta in
è z / è t  = D ge"% (% 2z/^% 2 ^  'h^z/hy^) ( 4 .1 .1 2 )
T his  n o n - l in e a r  ion-exchange e q u a t i o n  i n  tv/o d im e n s io n s  can  be 
s o lv e d  by a f i n i t e - d i f f e r e n c e  technique(4=24-4.27)_  t y p i c a l
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con tour p l o t  o f  th e  c o n c e n t ra t io n  o f  s i l v e r  ions  underneath  th e
*
g r a t in g  mask i s  shown in  Pig. 4.2(a) . The mask i s  assumed to  be 
non-conducting , b u t  opaque to  s i l v e r  ions . In  f i g u r e  4.2(b), a
con tour p l o t  i s  a l s o  shown fo r  th e  same c o n d i t io n s  a s  in  f ig u r e  
4 .2 (a ) ,  e x c e p t  t h a t  t h e  mask i s  now c o n d u c t i v e ,  and t h e  s i l v e r  
ion  c o n c e n tra t io n  i s  ze ro  a t  th e  m ask -g lass  in t e r f a c e .
4 .2  P ro to n  Exchanged LiNbOq O p t ic a l  Waveguides
i i i i n ibm.b- m u ii   m j ..... .... ... Mnwi ■ »  .in ■ ■ i ii i. n ii I , lËlri— âAmWWMmmm»
Io n - e x c h a n g e  h a s  a l s o  been  u sed  t o  p ro d u c e  h ig h  in d e x  
c h a n g e s  (Anfv0,12) i n  LiNbOg, u s in g  m e l t s  o f  AgNOg (4.28) 
TlNOg(4.29)^ U n f o r t u n a t e l y  th e  r e s u l t s  a r e  n o t  c o n s i s t e n t l y  
r e p e a t a b l e  M-^O)  ^ a^d  i t  was found, th c i t  t h e  in d e x  ch an g e  i s  n o t  
due t o  ex ch an g e  o f  i o n s ,  b u t  r a t h e r  a p r o t o n  ex ch an g e  p r o c e s s ,  
w i t h  w a te r  i m p u r i t i e s  i n  t h e  m e l t  a c t i n g  a s  t h e  s o u r c e  o f  
hyd rogen (4 .3 1 ) ,
J a c k e l  e t  a l .  (4.32,4.33) ^ave r e c e n t ly  shown t h a t  p ro to n  
exchange w i l l  ta k e  p la c e  when a LiNbOg c r y s t a l  i s  immersed in  h o t  
a c i d ,  o r  in  c e r t a i n  h y d r a t e  m e l t s .  L i th iu m  io n s  w i l l  be l o s t  
f ro m  t h e  c r y s t a l ,  and r e p l a c e d  by T h e re  i s  c o m p le te
e x c h a n g e  i n  s t r o n g  a c i d s  l i k e  HNOg o r  H2S0 ^ ,  an d  a new 
s t o i c h i o m e t r i c  h y d ro g e n  p e r o v s k i t e  compound w i l l  fo rm , w h ic h  
p r e c l u d e s  th e  f o r m a t i o n  o f  a  s u r f a c e  l a y e r .  I n  l e s s  a c i d i c
* The computer program, c a l l e d  DIF, was f i r s t  developed by P ro f. 
C .D .W .W ilkinson. The a s s i s t a n c e  o f  Mr. Tom C u l l e n  i n  r u n n in g  
th e  program i s  acknowledged.
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grating  mask
(b)
FIG 4.2 Contour plot of the diffused silver-ions c o n ­
centration underneath the grating m ask :
(a )n o n -c o n d u c t in g  mask and (b) conducting 
m ask '
m e lt ,  l i k e  Mg (NO^ ) 2.6H2O or benzo ic  ac id  ÿlgCOOH) 34)  ^
incom ple te  exchange o ccu rs ,  and no m ajor s t r u c t u r a l  change ta k e s  
p l a c e  ev en  i f  50% o f  t h e  l i t h i u m  i s  r e p l a c e d  by h y d ro g en .  
However, th e  r e a c t iv e  io n -e tc h in g  r a t e  f o r  th e  new compound w i l l  
in c re a s e  (a lm ost 70% in  t h i s  case ) ,  due to  lower l i th iu m  c o n te n t  
in  th e  c r y s t a l .
L ow loss s l a b  w a v e g u id e s  (A/ldB/cm) can  be made in  b o th  
x - c u t  and z - c u t  c r y s t a l s ,  b u t  n o t  y - c u t  c r y s t a l s ,  a s  t h e  p r o t o n  
source  w i l l  e tch  th e se  fa c e s .  Only th e  e x t ra o rd in a ry  r e f r a c t i v e  
in d e x  i s  i n c r e a s e d  (An/v 0.12  a t  0.633um w a v e le n g th ) ,b u t  n o t  t h e  
o r d i n a r y  r e f r a c t i v e  in d e x .  M, De M ic h e l i  e t  a l .  (^"35) fo u n d  
t h a t  t h e  o r d i n a r y  r e f r a c t i v e  in d e x  a c t u a l l y  d e c r e a s e s ,  m aking 
imbedded gu ides  a p o s s i b i l i t y . . .  They have a ls o  shown t l ia t  by 
combining t i t a n iu m  in d i f f u s i o n  and th e  p ro to n  exchange p ro c e ss ,  
t h e  o p t i c a l  w a v eg u id e  c h a r a c t e r i s t i c s  can  be o p t i m i s e d  f o r  
s p e c i f i c  a p p l i c a t io n ,  such as  n o n - l in e a r  in t e r a c t io n s .
The r e f r a c t i v e  i n d e x  p r o f i l e  f o r  p r o t o n  e x ch an g e  
waveguide in  x -c u t  LiNbO^ i s  a  n e a r ly  s te p - in d e x  p r o f i l e ,  and th e  
d i f f u s io n  depth  d can be expressed  as
d = 2 j 5 ^ j t  (4 .2 .1 )
w here  D(T) i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  and t  i s  t h e  d i f f u s i o n  
t im e  in  h o u r s .  The d i f f u s i o n  c o e f f i c i e n t  c an  be o b t a i n e d  by 
m easuring th e  d i f f u s io n  d ep ths  a t  a  g iven  tem p e ra tu re .  Using a 
s t a n d a r d  c u rv e  f i t t i n g  t e c h n i q u e  (F ig . 4.3) t h e  d i f f u s i o n  
c o e f f i c i e n t  D(T) may be exp ressed  a s :
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D(T) = 1 .6 0 4 x l0 ® e x p [ ( - 1 .0 9 x l0 ” ‘*)A l (4.2.2)
and hence d = 1 .0 3 x l0 ‘^ exp (-1 .09x l0“ V2T)jt^ pm (4 .2 .3 )
w h ere  T i s  t h e  d i f f u s i o n  t e m p e r a t u r e  i n  K e lv in ,  and t '  i s  t h e  
d i f f u s i o n  tim e in  m inu tes .
S in c e  m ost m e t a l s  a r e  n o t  a t t a c k e d  by b e n z o ic  a c i d ,  
a lum inium  g r a t in g  masks were ag a in  used to  make h igh  e f f i c i e n c y  
g r a t i n g s .  I n  o u r  w o r k ,  x - c u t  LiNbOg w a s  u s e d ,  a n d  t h e  
te m p e ra tu re  chosen was 170°C.
4 .3  T i  in d i f fu s e d .  O p t i c a l  waveqauides
T i t a n iu m  d i f f u s i o n  (4 .36-4 .38) ^ s t a n d a r d  t e c h n i q u e
f o r  f a b r i c a t i n g  o p t i c a l  w a v e g u id e s  in  LiNbOg. The d i f f u s e d  
waveguide i s  e l e c t r o - o p t i c a l l y  a c t i v e ,  d i f f u s io n  te m p e ra tu re s  a re  
be low  t h e  C u r ie  t e m p e r a t u r e ,  and t i g h t  o p t i c a l  c o n f in e m e n t  i s  
p o s s ib le  w i th  lov/ t r a n s m is s io n  loss*
A lth o u g h  th e  o p t i c a l  p r o p e r t i e s  o f  TiiLiNbO^ d i f f u s e d  
l a y e r s  have been r e p o r te d  by v a r io u s  w orkers , many a s p e c ts  of T i 
i n d i f f u s i o n  a r e  s t i l l  n o t  w e l l  u n d e r s to o d .  S u g i i  e t  a l .  (4-39) 
s t u d i e d  th e  d i f f u s i o n  m echan ism  and s u g g e s t e d  t h a t  t h e  T i  io n s  
e n t e r  a t  th e  Nb s i t e s  o f  t h e  LiNbOg l a t t i c e ,  and t h e  change  in  
r e f r a c t i v e  in d e x  i s  due  t o  t h e  T i  i o n s ,  whose i o n i c  r a d i u s  and 
p o l a r i s a b i l i t y  a r e  d i f f e r e n t  f ro m  t h o s e  o f  t h e  Nb io n s .  
Esdaile^^*'^^^ sugges ted  f u r t h e r  t h a t  ano ther  p o s s i b i l i t y  could  be 
a c r y s t a l  s t r u c t u r e  r e a r r a n g e m e n t  i n v o l v i n g  a r o t a t i o n  o f  t h e
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oxygen o c tah ed ra  to  accomodate th e  d i f f u s in g  ions^^'^^'*^'^^^.
The i n i t i a l  s te p s  o f  T i d i f f u s io n  were s tu d ie d  re c e n t ly  
by A rm en ise  e t  a l .  who fo u n d  t h a t  t h e  T i  m e ta l  o x i d i s e d
f i r s t  (TiO^) a t  i n t e r m e d i a t e  t e m p e r a t u r e s  (300°C t o  SOO^C), 
fo llow ed  by e p i t a x i a l  fro w th  o f  a  (Tij^b-j^„ )^02 phase , x having a  
v a lu e  o f  0.6 0.05 in  t h e i r  s t u d i e s .  T h is  compound a c t s  a s  a
s o u r c e  f o r  T i  d i f f u s i o n  a t  h ig h  t e m p e r a t u r e s  (of t h e  o r d e r  o f  
950^0  .
4 .3 .1  D i f f u s io n  P r o f i l e s  o f  TiîLlNbOo S la b  Waveguides
For long d i f f u s io n  t im e s  when a l l  th e  m eta l  f i lm  e n te r s  
t h e  c r y s t a l ,  and a ssu m in g  t h a t  i t  i s  a l i m i t e d  s o u r c e  s im p le  
d i f f u s i o n  case , th e  c o n c e n t ra t io n  p r o f i l e  may be assumed to  be a 
Gaussian f u n c t io n (4* 44)
C(x) = Cq e x p [ - (x /d ^ ) ] ^ (4 .3 .1 )
w here  x i s  t h e  d e p th  be low  t h e  s u r f a c e ,  d, i s  a
c o n s t a n t , Z  i s  t h e  i n i t i a l  T i  f i l m  t h i c k n e s s ,  d^ = 2 [D ^ ( t ) t ]
= d i f f u s i o n  d e p th ,  D ^(t)  = d i f f u s i o n  c o e f f i c i e n t ,  o f  t h e  fo rm  
D ^ e " y and t  i s  th e  d i f f u s io n  tim e.
For s h o r t  d i f f u s i o n  t i m e s ,  when t h e  m e ta l  i s  n o t  
c o m p l e t e l y  d i f f u s e d  i n t o  t h e  c r y s t a l ,  t h e r e  i s  a  t h i n  l a y e r  o f  
h ig h  in d e x  change  a t  t h e  s u r f a c e  (ab o u t 2.7 a t  t h e  b e g in n in g  o f  
th e  d i f f u s io n ) ,  and th e  c o n c e n tra t io n  p r o f i l e  i s  a  complementary 
e r r o r  f u n c t i o n F o r  d i f f u s i o n  t i m e s  c o m p a ra b le  t o  t h e
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t im e  re q u ire d  fo r  a l l  th e  m e ta l  to  e n te r  the  c r y s t a l ,  th e  Ti f i lm  
w i l l  change s lo w ly  to  T i02 , and th e  c o n c e n tra t io n  p r o f i l e  w i l l  be 
in te rm e d ia te  between th e  G aussian  and e r f c  p r o f i l e s .
The c o n c e n t r a t i o n  p r o f i l e  c a n  b e  m e a s u r e d  u s i n g  
e l e c t r o n  m icroprobe, secondary  ion  mass spec tro scopy  (SIMS), or 
R u t h e r f o r d  oL- p a r t i c l e  b a c k s c a t t e r i n g .  E x p e r i m e n t a l
r e s u l t s  (4 .3 6 ,4 .3 9 -4 .4 2 )  g low ed  t h a t  a G aussian p r o f i l e  i s  a good 
enough a p p r o x im a t io n  t o  t h e  r e f r a c t i v e  in d e x  p r o f i l e ,  and t h e  
d is c r e p a n c ie s  in c re a s e  due to  f a c to r s  such as Li02 o u td i f fu s io n .  
T h is  i s  i n  a g re e m e n t  w i t h  t h e  e l e c t r o n  m ic ro p ro b e  o b s e r v a t i o n  
(depth r e s o lu t io n  <v lum).
B urns e t  a l .   ^ Qging th e  SIMS m ethod  w h ich  h a s  a
d e p th  r e s o l u t i o n  o f  A/100&, o b s e r v e d  t h a t  t h e  G a u s s ia n  d e p th  
d i f f u s i o n  h a s  an a d d i t i o n a l  p e a k ,  h a v in g  a d i f f u s i o n  d e p th  o f  
about 0.3|im d i r e c t l y  below th e  c r y s t a l  su rfa ce .  They p o s tu l a t e  
t h a t  t h i s  may be  d u e  t o  t h e  f o r m a t i o n  o f  a n  m u l t i p h a s e  
p o l y c r y s t a l l i n e  l a y e r  p r i o r  t o  d i f f u s i o n ,  w h ich  r e s u l t s  in  a  
t h e r m o d y n a m i c a l l y  p r e f e r r e d  L iT iO g  s t a t e .  Jo h n so n  and 
P i t t  (^'45)  ^ u s in g  t h e  R u t h e r f o r d  d,- p a r t i c l e  b a c k s c a t t e r i n g  
m ethod (d ep th  r e s o l u t i o n  a^IOoS) , found  a c o n c e n t r a t i o n  p r o f i l e  
i n t e r m e d i a t e  b e tw e e n  t h a t  o f  an  e r f c  f u n c t i o n  and a G a u s s ia n  
fu n c t io n .
In  our work, we use  the  r e s u l t  of McLachlan^^'^^L The 
r e f r a c t i v e  index p r o f i l e  i s  g iven  by ;
n(x) = i^ su b s tra te  + A n (0 ){  e x p [ - (x /d ^ )^ ]}  (4 .3 ,2 )
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where An{0) = A . A  = 6.2x10 d^  = 3 . 2 ( t / 1 8 ) ^ / ^  jim, is 
the initial titanium thickness in %, t is the diffusion time.
For com plete  d i f f u s i o n  o f  th e  T i m e ta l ,  th e  minimum tim e
i s
t ^ i n  = O .O lS ^ h r  (4 .3 .3 )
and th e  v a r i a t i o n  o f ^ n ^ ^ f  w i t h  d i f f u s i o n  t im e  i s  shown i n
P ig .  4.4. I t  can  be s e e n  t h a t  t h e  e f f e c t i v e  in d e x  a s  w e l l  a s
i t s  r a t e  o f  ch an g e  d e c r e a s e s  w i t h  t im e .  Hence t o  im p ro v e
r e p e a t a b i l i t y  o f  t h e  g u id e s  a  lo n g  d i f f u s i o n  t im e  (1.5 t o  2 
t im e s  th e  minimum d i f f u s i o n  tim e) i s  u s u a l ly  chosen. However, 
t h i s  means t h a t  A n and th e  d i f f r a c t i o n  e f f i c i e n c y  w i l l  be sm a ll .  
To c i r c u m v e n t  t h i s  p ro b le m ,  a  t w o - s t e p  d i f f u s i o n  o r  d o u b le  
d i f f u s i o n  i s  employed. The f i r s t  d i f f u s io n  (time = t^) forms 
t h e  w av eg u id e  and a sec o n d  d i f f u s i o n  ( t im e  = t 2) f o r m s ' t h e  
g r a t in g  s t r u c t u r e  T his  p ro c e ss  i s  more f l e x i b l e ,  because
t]L and t g  can  be o p t i m i s e d  in d e p e n d e n t l y  f o r  t h e  w av eg u id e  
s t r u c t u r e  and th e  d i f f r a c t i o n  e f f i c i e n c y .  The th ic k n e s s  o f  th e  
i n i t i a l  T i la y e r  can a l s o  be chosen independen tly .
4.3.2 Diffusion Profiles of TisLiNbOo Stripe Waveguides
For y - c u t  LiNbO^ c r y s t a l ,  b o th  Fakuma e t  a l .  and
M in a k a ta  e t  ^1. (4 .49 ,4 .50) fo u n d  t h a t  t h e r e  i s  en h an ced  l a t e r a l
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FIG 4.4 Theoretical slab w avegu id e
dispersion curve a s  a  function 
of diffusion time (after ref. 4.36)
d i f f u s io n .  S im i la r  e f f e c t s  have a l s o  been observed by Burns e t
a i^(4 .36)^  T h i s  l a t e r a l  d i f f u s i o n  i s  much l e s s  f o r  a  z - c u t
c r y s t a l .
I f  t h e  d i f f u s i o n  a x e s  c o i n c i d e  w i t h  t h e  c r y s t a l  a x es  
( f o r  LiNbO^ c r y s t a l ,  b e i n g  u n i a x i a l ,  d^  = d^ dy) t h e  
t h e o r e t i c a l  p r o f i l e  can be c a lc u la te d  by assuming s e p a ra t io n  o f  
v a r i a b l e s  i n  t h e  d i f f u s i o n  p r o b l e m   ^ a n d  a c o m p l e t e
e x p r e s s i o n  f o r  t h e  r e f r a c t i v e  i n d e x  p r o f i l e  o f  a  s t r i p e  
waveguide, o f  w id th  w, i s  o f  th e  form^'^*^^^
n(x,y) = ^g^bstrate + An(0) {exp[-(x/dj^)^]
. ( 1 / 2 )  [ e r f c  ( w ' ! * 2 y ) / 2 d y + e r f c  ( w - 2 y ) / 2 d y ]  } ( 4 . 3 . 4 )
where An(0) and d^ w i l l  have th e  same meaning as  t h a t  o f  (4.3.3), 
and dy/v 1.2d^. F ig .  4,5 show s t h e  c o n c e n t r a t i o n  p r o f i l e  o f  
t i t a n i u m  i n d i f f u s e d  s t r i p e s  i n  y - c u t  LiNbO^ c r y s t a l .  The 
p r o f i l e s  a re  s i m i l a r  to  t h a t  o f  ion-exchange in  g la s s  w i th  a non­
c o n d u c t in g  mask (Fig. 4.2a).
4 .4  P ro d u c tio n  o f  Bragg D e f le c to r s
A two d i m e n s i o n a l ,  o r  p l a n a r  f a b r i c a t i o n  t e c h n i q u e  i s  
used to  f a b r i c a t e  th e  g r a t in g  d ev ices .  Tlie b a s ic  p r i n c i p l e s  o f  
th e  p la n a r  f a b r i c a i t o n  te ch n iq u es  a re  i l l u s t r a t e d  in  Fig. 4.5, 
A r a d i a t i o n  s e n s i t i v e  p o ly m e r  f i l m  i s  d e p o s i t e d  on a s u b s t r a t e  
s u r f a c e  and exposed  to  r a d i a t i o n  i n  some d e s i r e d  p a t t e r n .  
Follow ing exposure, e i t h e r  t h e  ex p o sed  o r  un ex p o sed  p o ly m e r  i s
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FIG 4.5 Concentra tion  profile of Ti : LiNbO;^ 
s tripe w avegu ide .  Width =(q ) 4 p m
and (b) 6pm . Diffusion time= 8 hrs
a t  1000"C (after ref. 4 .46)
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removed by a developm ent s te p , and th e  p a t te r n  in  r e l i e f  i s  l e f t  
on th e  s u b s t r a t e  s u r f a c e .  Many p r o c e s s in g  s t e p s  a r e  th e n  
a v a i la b le  to  co n v ert th e  p a t te r n  in to  th re e  d im en sio n a l dev ice  
s t r u c tu r e s .  A r e l i e f  s t r u c tu r e  can  be e tch ed  in  th e  s u b s t r a te  
i t s e l f ,  th e  p a t te r n  a re a s  can be ch em ica lly  doped, o r a  m a te r ia l  
c an  be d e p o s i t e d  i n t o  th e  i n t e r s t i c e s  o f  th e  p o ly m e r r e l i e f  
p a t te r n .  The e tc h in g  can be done by e i th e r  ion-bom bardm ent or 
chem ical means. Both ion  im p la n a ta t io n  and th e r m a l  d i f f u s i o n  
can  be u sed  f o r  c h e m ic a l  d o p in g , and an o x id e  o r m e ta l  p a t t e r n  
(formed e i th e r  by e tc h in g  or th e  l i f t - o f f  techn ique) i s  u s u a lly  
u sed  a s  th e  mask r a t h e r  th a n  a p o ly m e r. The l a t t e r  a p p ro a c h , 
th e rm a l d i f f u s io n  and th e  l i f t - o f f  tech n iq u e , was chosen fo r  th e  
d e v ic e  f a b r ic a t io n .  '
4.4=1 S u b s tra te  and Polym er F ilm 'P re p a ra tio n  
4 « 4 „ 4 o 1 S u b s tra te  C lean ing
F i s h e r  b ra n d  p r e c le a n e d  m ic ro sc o p e  g l a s s  s l i d e s  
( c o n ta in in g  14% in  w e ig h t  o f  Na2 , and w i th  r e f r a c t i v e  in d e x  = 
1.512 a t  0,633pm w avelength) w ere used as s u b s t r a te s  fo r  th e  io n -  
ex ch an g e  p r o c e s s  b e c a u se  o f  t h e i r  b e t t e r  s u r f a c e  q u a l i t y  and 
hom ogenity compared w ith  o th e r  brands. SAW grade  y -c u t  LiNbO^ 
c r y s ta l  was used fo r  T i in d if fu s io n ,  and x -c u t c r y s ta l  fo r  p ro to n  
exchange.
The m a jo r c o n ta m in a n ts  a r e  u s u a l l y  w ax es , g r e a s e s ,  
f in g e r p r in t s ,  l i n t s ,  and d u s t  p a r t i c l e s .  The p r i n c i p l e s  o f
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s u b s t r a t e  c le a n in g  h ave  b een  d i s c u s s e d  e x t e n s i v e l y  in  th e  
l i t e r a t u r e (4 .51 ,4 .52)^  The c l e a n in g  p ro c e d u re  c o n s i s t s  o f  
u l t r a s o n ic  a g i ta t io n  in  h o t d e te rg e n t b a th , fo llo w ed  by r in s in g  
in  o r g a n ic  s o lv e n t  and d i s t i l l e d  w a te r .  For ex am p le , th e  
p rocedu re  used fo r  c lea n in g  g la s s  s u b s t r a te s  i s  as  fo llo w s :
(1) Immerse in  t r i c h lo r e th y le n e ,  10 m inutes.
(2) Immerse in  m ethanol, 5 m in u tes ,
(3) Im m erse  in  d i l u t e d  Decon d e t e r g e n t  b a th  a t  65®C w ith
u l t r a s o n ic  a g i ta t io n ,  10 m inu tes ,
(4) R inse o f f  d e te rg e n t  in  d i s t i l l e d  w a te r .
(5) Immerse in  ace tone  w ith  u l t r a s o n ic  a g i ta t io n ,  10 m in u tes ,
(6) Immerse in  m ethanol w ith  u l t r a s o n ic  a g i t a t io n ,  10 m inu tes.
(7) Blow, d ry  w ith  j e t  o f d ry  n itro g e n .
T his c le a n in g  p ro ced u res  was c a r r ie d  o u t in  a c la s s  100 
cleanroom , and i s  an im p o rtan t f i r s t  s te p  in  dev ice  f a b r ic a t io n ,  
i r r e s p e c t iv e  o f th e  su b sequen t p ro c e ss in g  p rocedure. F a i lu r e  in  
m e ta l  f i l m  a d h e s io n  w i l l  r e s u l t  i f  th e  s u b s t r a t e  i s  n o t  c le a n .  
The o p t ic a l  wave p ro p a g a tio n  v / i l l  a ls o  be a f fe c te d  by th e  su rfa c e  
con tam inât io n .
S ince th e  l i f t - o f f  tech n iq u e  was chosen, th e  s u b s t r a te s  
w ere im m ed ia te ly  coated  w ith  a r a d ia t io n  s e n s i t iv e  polym er a f t e r  
c le a n in g .
4=4=1= 2 Polym er F ilm  F rep a i:a tio n
The r a d i a t i o n  s e n s i t i v e  p o ly m er f i l m s  a r e  c a l l e d  
p h o t o r e s i s t s .  They re sp o n d  to  s h o r t  v i s i b l e  w a v e le n g th s  and 
u l t r a v i o l e t  l i g h t  e x p o s u re , and th e  ex p o sed  r e g io n s  u n d e rg o
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r e a c t io n s  le ad in g  to  s e le c t iv e  s o lu b i l i t y ,  e i th e r  by undergoing 
c ro s s  l in k in g  (n egative  p h o to re s is t )  o r ch a in  s c is s io n  (p o s it iv e  
p h o t o r e s i s t ) .  The S h ip le y  p o s i t i v e  p h o t o r e s i s t  AZ1350J h a s  
h ig h  r e s o l u t i o n  c a p a b i l i t y  ( b e t t e r  th a n  lOOA) and v e r t i c a l  
s i d e w a l l s  can  be p ro d u c e d  (^^'53)^ C o n se q u e n tly  we u sed  su ch  a 
p h o to r e s is t  th ro u g h o u t our exp erim en ts .
The AZ1350J p h o t o r e s i s t  c o n ta in s  a  b a se  r e s i n  p lu s  
d ia z id e  compounds (a lso  known as  th e  " in h ib ito r s " ) .  The l a t t e r  
s tro n g ly  absorb  th e  u l t r a v i o l e t  l i g h t ,  and undergo pho tochem ical 
d e c o m p o s i t io n ,  le a d in g  to  en h an ced  s o l u b i l i t y  o f  th e  r e s i s t  in  
aqueous a lk a l in e  s o lu tio n s . The c h a r a c te r i s t i c s  o f th e  r e s i s t  
w i l l  be d i s c u s s e d  in  m ore d e t a i l  i n  th e  n e x t  c h a p te r  ( s e c t io n  
5 .2 .1 ) .
The u s u a l  m ethod o f  c o a t in g  a s u b s t r a t e  c o n s i s t e d  o f  
f lo o d in g  th e  s u r f a c e  w i th  f i l t e r e d  p h o t o r e s i s t  l i q u i d  (0.2um 
m il l ip o re s ,  type  FGLP f i l t e r )  from  a  sy rin g e , and th en  sp in n in g  
th e  s u b s t r a t e  on a h ig h  a c c e l e r a t i o n  w h i r l e r  (Headway EClO). 
F i lm s  o f  u n ifo rm  th ic k n e s s  (1.8pmj^20oSjt a s  m easu red  w i th  a 
T a ly s te p  su rfo m e te r a f t e r  b ak in g ) w ere  r e a d i l y  o b ta in e d  w i th  a 
speed of 4000 rpm and a  tim e  o f 20 seconds.
A f te r  th e  c o a t in g  s t e p ,  th e  r e s i s t  f i l m s  w ere  baked  in  
accordance w ith  th e  m a n u fa c tu re r’s  in s t r u c t io n s .  A tem p e ra tu re  
o f  90°C was used , and th e  baking tim e  was 30 m inu tes. I t  was 
fo u n d  t h a t  c o a te d  s a m p le s  s t o r e d  in  l i g h t - t i g h t  c o n ta in e rs  fo r  
p e r io d s  o f  up to  a  m onth s u f f e r e d  no a d v e r s e  e f f e c t s  on 
e x p o su re  s e n s i t i v i t y .
110
4=4.2 P h o to lith o g ra p h y
A g ra t in g  p a t te r n  o f p e r io d ic i ty  12pm was g en era ted  by 
e le c tro n  beam w r i t in g  ( th is  mask was made in  B e ll L a b o ra to r ie s , 
Holmdel, New J e r s e y ) . I t  was f u r th e r  reduced to  a p e r io d ic i ty  
o f  ap p ro x im ate ly  3um by p h o to re d u c tio n  w ith  a h igh  q u a l i ty  le n s  
(x4 m ic ro  T ro p e l  495-G l e n s  w h ich  i s  o p e ra te d  a s  a p r o j e c t i o n  
p r in t e r  on to  a  B a lze rs  low r e f l e c t i v i t y  chrome p la te ,  p re v io u s ly  
sp in -c o a te d  w ith  p h o to re s is t ) .  The l in e  to  space r a t i o  o f th e  
g r a t i n g  i s  1 :1 , and th e  o v e r a l l  d im e n s io n s  a r e  a p p ro x im a te ly  
2mmx0.75nm.
The photomask (g ra tin g  p a t te r n  in  th in  f i lm  chromium on 
a g la s s  p la te )  was h e ld  in  c lo se d  p ro x im ity  to , or c o n ta c t  w ith , 
a r e s i s t - c o a te d  s u b s t r a te ,  and th e  p a t te r n  was p r in te d  onto  th e  
r e s i s t  by p a ss in g  c o l l im a te d  u l t r a v i o l e t  l i g h t  (q u a r tz  h a lo g e n  
lam p) th ro u g h  th e  p h o to m a sk , fo l lo w e d  by d e v e lo p m e n t of, th e  
r e s i s t  in  an a lk a l in e  based dev e lo p er {AT, d ev e lo p e r, d i lu te d  w ith  
f i l t e r e d  w a te r  in  a  r a t i o  1 :1 ) . T h is  r e p l i c a t i o n  te c h n iq u e ,  
c a l l e d  shadow  p r i n t i n g ,  o r  c o n ta c t  p r i n t i n g ,  i s  s im p le  and 
conven ien t. A lin e w id th  o f l)im i s  more or le s s  a  l i m i t  because 
o f d i f f r a c t i o n  e f f e c t s ,  b u t t h i s  problem  can be c ircum ven ted  by 
u sin g  a conform able photomask
4.4=3 Technique
The l i f t - o f f  te c h n iq u e  u sed  c o n s i s t s  o f  e v a p o r a t in g  a
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t h i n  l a y e r  o f  m e ta l  ( e i t h e r  a lu m in iu m  500Â t h i c k  o r t i t a n i u m  
20oX t h ic k )  o v e r  a  p h o t o r e s i s t  p a t t e r n  on a s u b s t r a t e  in  a 
vacuum  ch am b er, and th e n  d i s s o l v i n g  th e  r e s i s t  i n  a ce to n e*  A 
p a t t e r n  in  th e  m e ta l  m a t e r i a l  i s  th e n  l e f t  b e h in d  on th e  
s u b s t r a t e .  To e n s u r e  s u c c e s s f u l  l i f t - o f f  f o r  m e ta l  f i l m s  a s  
t h i c k  a s  2 /3  o f  th e  r e s i s t  th e  s i d e w a l l s  o f  th e  r e s i s t  m u st be 
v e r t i c a l  o r s l i g h t l y  u n d e rc u t, and th e  d e p o s i t e d  m a t e r i a l  m u st 
a r r iv e  a t  th e  s u b s t r a te  a t  near norm al in c id en ce  .
A g ra t in g  p a t te r n  in  alum inium  o f p e r io d ic i ty  3jjm on th e  
s u r fa c e  o f a  g la s s  s u b s t r a te  i s  shown in  F ig . 4.7a and 4.7b. An 
u n s u c c e s s f u l  l i f t - o f f  i s  a l s o  sh o w n  i n  F ig .  4 ,7 c .  The 
sm o o th n e ss  o f  th e  e d g e s  o f  th e  l i n e s  i n d i c a t e s  th e  h ig h  
re s o lu t io n  and f a i t h f u l '  re p ro d u c tio n  to  a d im en sio n a l to le ra n c e  
o f a t  l e a s t  a few hundred angstrom s o f  tlie  l i f t - o f f  method.
4.4=4 D if fu s io n  P ro ce sse s
4.4=4=1 S ilver-G odium  Io n  Exchange
Ion-exchanged w aveguides, w ith  p e r io d ic  alum inium  
g ra t in g  l in e s  on to p  o f th e  g la s s  s u rfa c e , were m anufactured  by 
im m e rs in g  th e p r e p a r e d  s u b s t r a t e s  in  a 0,1% d i l u t e d  m e l t  o f  
AgNO^/NaNOg. M elt te m p e ra tu re s  rang ing  from 315°C to  330°C and 
d i f f u s i o n  t im e s  fro m  20 m in u te s  to  1.5 h o u rs  w ere  u se d . The 
m e lt was co n ta in ed  in  a  s t a i n l e s s  s t e e l  c o n ta in e r  c o n tro l le d  to  
l^ C , and th e  g l a s s  s l i d e  w as s u p p o r te d  by tw o  s t e e l  a rm s 
p r o j e c t i n g  from  a ro d , and i n s e r t e d  i n t o  th e  m e l t  by a n g u la r
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(a) Low magnification
(b)Hlgh magniflcatior
(c) U nsuccessfu l lift 
off
FIG 4.7 Photographs of the alum inium  
gra tin g  m asks(perlodicity  = 3pm)
r o t a t i o n  (F ig . 4 .8 ).
As t h e  a lu m in iu m  s t r i p s  h a v e  t h e  e f f e c t  o f  
p a r t i a l l y  in h ib i t in g  th e  ion-exchange p ro c e ss , a  w aveguide and a 
g ra t in g  a re  form ed s im u lta n e o u s ly  on th e  same s u b s tr a te .
The w aveguides o b ta in e d  e x h ib ite d  low lo s s e s  {<0.5 
dB/cm), and th e  v a r ia t io n  in  N, tlie  e f f e c t iv e  index, from a b a tch  
o f s im i la r  s u b s t r a te s  was ty p ic a l ly  o f  th e  o rd e r o f  0.001.
A f i n a l  s t e p  w as c a r r i e d  o u t  t o  re m o v e  t h e  
a lu m in iu m  g r a t i n g s  fro m  th e  s u r f a c e s  o f  th e  g u id e s  u s in g  a 
chem ical so lv e n t.
4 .4 .4 .2  P ro to n  Exchange in  B enzoic A cid
S in g le  mode s la b  w aveguides in c o rp o ra tin g  g ra t in g s  
w ere  f a b r i c a t e d  by im m e rs in g  x - c u t  LiNbO^ s u b s t r a t e s  (w ith  
a lu m in iu m  g r a t i n g  l i n e s  u t i l i s e d  a s  m asks on th e  s u r f a c e s )  in  
m olten  benzo ic  a c id  fo r  90 m inu tes a t  a tem p e ra tu re  o f 170^C.
The b e n z o ic  a c id  w as m e lte d  in  a s t a i n l e s s  s t e e l  
b e a k e r  u s in g  a h e a t in g  m a n tle  i n s id e  a v e n t i l a t e d  cham ber 
(b e n z o ic  a c id  i s  t o x i c ) ,  and th e  te m p e r a tu r e  v/as c o n t r o l l e d  to  
w ith in  lO^C (Fig. 4.9). The s u b s t r a te s  w ere p reh ea ted  b e fo re  
im m ersion, and a f t e r  rem oval from  th e  m e lt, any ex cess  benzo ic  
a c id  (a s o l id  a t  room tem p era tu re ) was d is so lv e d  in  ch loroform . 
The alum inium  g ra t in g s  w ere a ls o  d is so lv e d  away u s in g  a chem ical 
s o lv e n t .
The e x p e r im e n ta l  s e t  up w as s im p le ,  b u t  f o r  o u r
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FIG 4.9 Experim ental s e t -u p  for proton  
e x c h a n g e  p ro cess
p u rp o s e s  w as c o n s id e r e d  a d e q u a te ,  s in c e  we w ere  n o t  c o n c e rn e d  
w ith  th e  p re c is e  c o n tro l  o f th e  waveguide p a ra m e te rs  a t  th e  tim e.
4 .4 .4 .3  T itaijium  in d if f g s ip n
S in g le  mode p e r io d ic  index w aveguides (A/1 dB/cm), 
w i th  T i g r a t i n g  s t r i p s  on th e  s u r f a c e  p r i o r  t o  d i f f u s i o n ,  w ere  
f a b r ic a te d  u sin g  y -c u t  SAW grade  LiNtO^. The f i lm  th ic k n e ss  was 
m onitored  by an o p t ic a l  system  and i s  ty p ic a l ly  200A. To
a v o id  o u t - d i f f u s i o n  o f L iO ^, th e  s u b s t r a t e s  w ere  d i f f u s e d  a t  
1000°C in  a c lo s e d  tu b e  s y s t e m ( F i g .  4 .10 ), The v ap o u r 
p re s s u re  o f L i02 was m ain ta in ed  a t  th e  e q u ilib r iu m  v a lu e  by th e  
p resen ce  o f a sm all, amount o f congruen t com position  LiNbO^ powder 
in  th e  in n e r alum inium  tube . The tem p era tu re  was c o n tro l le d  to  
+ 1°C, and d i f f u s i o n  t im e s  (e x c lu d in g  warm up p e r io d )  ra n g in g  
from 3 hours to  10 hours w ere used.
For th e  tw o -s te p  d if f u s io n  p ro c e ss , a  s in g le  mode 
w aveguide was i n i t i a l l y  form ed by a f i r s t  d if f u s io n ,  t^  ^ rang ing  
fro m  5 h r s ,  to  8 h r s . ,  and th e  g r a t i n g  r e g io n  w as fo rm ed  by a 
second d if f u s io n ,  t 2 rang ing  from  3 h rs . to  6 h rs .
4 .5  Conclus io n s
We have  d e v e lo p e d  a n o v e l  te c h n iq u e  to  f a b r i c a t e  
p e r i o d i c  w a v eg u id e s  by d i f f u s i o n  p r o c e s s e s ,  r e s u l t i n g  in  
p e r io d ic  v a r ia t io n  o f lo c a l  r e f r a c t iv e  index in  th e  w aveguides. 
T h is  p la n a r  te c h n o lo g y  h a s  d i s t i n c t  a d v a n ta g e s  o v e r th e  
h o lo g r a p h ic  c o r r u g a te d  g r a t i n g  te c h n iq u e  in  te rm s  o f  e a s e  o f
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Chapter 5 
Fabrication of Thin Film Bragg Deflectors by Holographic 
Technique
H o lo g ra p h ic  d i f f r a c t i o n  g r a t i n g s ,  b e c a u s e  o f  t h e i r  
a c c u r a t e  p e r i o d i c i t y  o v e r  lo n g  d i s t a n c e s ,  h av e  b een  u sed  
e x t e n s i v e l y  in  th e  f a b r i c a t i o n  o f  c o rru g a te d  w aveguide d ev ice s  
f o r  i n t e g r a t e d  o p t i c s .  I n  t h i s  c h a p te r  we w i l l  d e s c r ib e  th e  
v a r io u s  f a b r i c a t i o n  s t e p s  in v o lv e d  in  th e  c o n s t r u c t i o n  o f  
co rru g a te d  th in  f i lm  d e f le c to r s  u s in g  subm icron g ra t in g s .  The 
p r o d u c t io n  o f  t h i n  f i l m  w a v e g u id e s  by s p u t t e r i n g  i s  d i s c u s s e d  
f i r s t ,  f o l lo w e d  by th e  te c h n iq u e  u se d  to  p ro d u c e  th e  su b m ic ro n  
h o lo g rap h ic  g ra t in g s ,  and f i n a l l y  th e  ion-beam  m il l in g  s te p  used 
to  t r a n s f e r  th e  p a t te r n  on to  th e  s u r fa c e s  o f  th e  w aveguides.
5-1 Sputtered Thin Film Glass Waveguides
A lth o u g h  t h e r e  i s  a  l o t  o f  i n t e r e s t  in  th e  p r e p a r a t i o n  
and use o f s in g le  c r y s ta l  f i lm s  fo r  a c t iv e  d ev ice s  in  in te g ra te d  
o p t ic s ,  th in  amorphous d i e l e c t r i c  f i lm s  have p o te n t i a l  fo r  u se  in  
th e  f a b r i c a t i o n  o f  p a s s iv e  d e v ic e s  a s  w e l l  a s  f o r  u s e  in  th e  
co n n ec tio n  o f  a c t iv e  d e v ic e s .
Good low  l o s s  o p t i c a l  f i l m s  have b een  d e p o s i t e d  by 
s p u t t e r i n g ,  and  many m a t e r i a l s  w ere  s u c c e s s f u l l y  u se d  a s  
amorphous f i lm s  in  th e  f a b r ic a t io n  o f w aveguiding s t r u c tu r e s  (5.1- 
Indeed, s p u t te r in g  has emerged in  re c e n t y e a rs  as one o f 
th e  most v e r s a t i l e  te ch n iq u es  in  th in  f ilm  techno logy .
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5 .1 .1  B a s ic  Mechanism
S p u tte r in g  i s  a p ro c e ss  which in v o lv es  th e  t r a n s p o r t  o f 
m a te r ia l  from  a so u rce , c a l le d  a t a r g e t ,  to  a s u b s t r a te  o f  a lm o s t 
any  o th e r  m a t e r i a l .  The e j e c t i o n  o f  th e  s o u rc e  m a t e r i a l  i s  
accom plished  by th e  bombardment o f th e  s u rfa c e  o f th e  t a r g e t  w ith  
e n e rg e tic  gas ions a c c e le ra te d  by a  h igh  v o lta g e . P a r t i c l e s  a re , 
e je c te d  from  th e  t a r g e t  a s  a  r e s u l t  o f  momentum t r a n s f e r  betw een 
th e  i n c i d e n t  io n s  and th e  t a r g e t .  T hese  e j e c t e d  p a r t i c l e s  
t r a v e r s e  th e  vacuum chamber and a re  su b seq u en tly  d e p o s ite d  on a 
s u b s t r a te  as a  th in  f ilm .
Some o f  th e  im p a c t  e n e rg y  in  s p u t t e r i n g ,  h o w e v e r, 
r e s u l t s  in  h e a t  r a t h e r  th a n  e j e c t i o n  o f  a t a r g e t  a tom . T h is  
h e a t  i s  u n d e s i r a b l e ,  and i s  rem oved by w a te r  c o o l in g  th e  back  
s u rfa c e  o f  th e  t a r g e t .
The e a r l y  p r o c e s s  w as DC ( d i r e c t  c u r r e n t )  s p u t t e r i n g ,  
and i s  o n ly  u s e f u l  in  la y in g  down a m e t a l l i c  f i l m  (w ith  an 
i n s u l a t i n g  t a r g e t  th e  c h a rg e  d e l iv e r e d  by th e  a r r i v i n g  io n s  
cannot le ak  away and b u ild s  up, e v e n tu a lly  r e p e l l in g  any f u r th e r  
i o n s  an d  p r e v e n t i n g  s p u t t e r i n g ) ,  RF ( r a d i o  f r e q u e n c y )  
s p u t te r in g ,  proposed by Wehner and dem onstrated  by Anderson 
e t  a l .  (5*7), ex p an d s  th e  u s e s  o f  s p u t t e r i n g  to  d i e l e c t r i c  
m a t e r i a l s .  By a p p ly in g  a h ig h  f re q u e n c y  p o t e n t i a l  a c r o s s  th e  
plasm a by tw o d i s c  e l e c t r o d e s ,  one o f  w hich  i s  u s u a l l y  a m e ta l  
b a c k in g  bonded to  th e  d i e l e c t r i c  t a r g e t ,  th e  p o s i t i v e  c h a rg e  
a c c u m u la te d  by th e  d i e l e c t r i c  s u r f a c e  in  one h a l f  c y c le  i s  
n e u tr a l is e d  by e le c tro n  bombardment du rin g  th e  o th e r  h a l f  c y c le , 
b e c a u se  no n e t  c u r r e n t  can  f lo w  to  th e  d i e l e c t r i c  s u r f a c e .
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H ow ever, b e c a u s e  th e  m o b i l i t y  o f  e l e c t r o n s  i s  a b o u t 10^ t im e s  
g r e a t e r  th a n  th e  io n  m o b i l i t y ,  th e  n e u t r a l i z a t i o n  and n e g a t iv e  
c h a r g in g  o f  th e  s u r f a c e  ta k e s  p l a c e  in  o n ly  a f r a c t i o n  o f  th e  
h a l f  p e rio d  d u rin g  which th e  backing e le c tro d e  i s  p o s i t iv e .  The 
average  t a r g e t  p o t e n t i a l  i s  th e re fo re  n e g a tiv e  and p o s i t iv e  io n  
bom bardm ent o c c u r s  d u r in g  m o st o f  th e  c y c le ,  p ro v id e d  t h a t  th e  
f r e q u e n c y  i s  s u i t a b l y  c h o se n . T h is  r . f .  s p u t t e r i n g ,  o r g low  
d isc h a rg e , g iv e s  th e  added advantage o f a llo w in g  work to  be done 
under low p re s s u re  c o n d itio n s  ( ty p ic a l ly  1x10"^ -  5x10” ^ T orr).
5.1.2 Sputtering A]^ )aratus
The s p u t t e r i n g  a p p a r a tu s  c o n s i s t s  e s s e n t i a l l y  o f  fo u r  
components : a  vacuum system  to  ev acu a te  th e  cham ber, a  t a r g e t ,  a 
power supply  and th e  s p u t te r in g  chamber.
A s p u t t e r i n g  s y s te m , u s in g  a  s ta n d a r d  E dw ards 6" 
d i f f u s i o n  pump i n c o r p o r a t in g  a  l i q u i d  n i t r o g e n  t r a p  (pum ping 
sp ee d  400 l i t r e s / s e c .  a t  th e  s p u t t e r i n g  p r e s s u r e  o f  l .S x lO ’"^ 
T o rr), had been c o n s tru c te d  in  our d e p a r tm en t(5*^), The system  
has a tw in -headed  a rrangem ent (known as  Hydra), and bo th  chambers 
a re  id e n t ic a l  in  c o n s tru c tio n , c o n s is t in g  o f an alum inium  w ater 
c o o le d  b a s e p la t e  and s u b s t r a t e  t a b l e ,  su rm o u n te d  by a 30cm 
d ia m e te r  p y re x  c y l in d e r  (F ig , 5 .1 ), The e l e c t r o d e  a s se m b ly , 
b e in g  made o f  a lu m in iu m  and w a te r  c o o le d  a s  w e l l ,  fo rm s  an 
i n t e g r a l  p a r t  o f  th e  cham ber to p  p l a t e .  T h ree  s ta n d a r d  
m ic ro sc o p e  s l i d e s  can  be p u t  i n t o  th e  cham ber a t  one t im e ,  and 
th e  t a r g e t  to  s u b s t r a t e  d i s t a n c e  i s  3 -4  cm. A t o r o i d a l
125
en
O )
en
a.
T )
Cl
O T3
enc
oou
CD
a
5
en
cn
en
û -
Q -
£
Z3
CL
E
3
D
O
a
>
U)
3
O
CL
CL
O
enc
L_
CD
3
CL
(/)
CD
_C
E
o
L .en
g
u
o
E
CD
H
O
c o
LO
O
L e
e lec tro m ag n e t su rro u n d in g  th e  pyrex  c y lin d e r  h e lp s  to  co n fin e  th e  
p lasm a,
A c r y s t a l  c o n t r o l l e d  r . f .  g e n e r a to r  (working frequency
13.56 MHz, p e ak  to  p e ak  v o l t a g e  up  t o  6 KV, and pow er up to  1.5 
KW) f e e d s  pow er v i a  a  50 ohms c o a x ia l  c a b le  and  a "n"-type  
m a tc h in g  n e tw o rk . The r . f .  c u r r e n t  to  each  e l e c t r o d e  i s  
m easured by therm ocouple  m e te rs , and th e  fo rw ard  and r e f le c te d  
pow ers a re  m easured by s ta n d in g  wave r a t i o  d e te c to r s .
The f i lm  d e p o s it io n  th ic k n e s s  i s  m easured by means o f an 
o p t i c a l  m o n ito r  ( a s  u se d  in  th e  t i t a n i u m  d e p o s i t i o n  u n i t ,  
s u b s e c t io n  4 .4 .4 .3 ) , w i th  an a c c u ra c y  o f  b e t t e r  th a n  10%, a s  
checked by a Hobson T a ly s te p  in s tru m e n t.
5 .1 .3  S p u tte re d  C om ing  7059 G lass
I n  o u r  d e p a r t m e n t  t h e  s p u t t e r i n g  w o rk  h a s  b e e n  
c o n c e n t r a te d  on s p u t t e r i n g  C o rn in g  7059 g la s s  (com position  : 
50,2% SIO2 , 25.1% BaO, 13% B^Og, 10.7% AlgO] and  0.4% AS2O3) on­
t o  s o d a - l i m e  m ic r o s c o p e  s l i d e .  The c o n s ta n t  in p u t  g a s  
c o m p o s i t io n  o f  80% A rg o n :20% Oxygen i s  a  com p ro m ise  a s  th e  
o p t ic a l  lo s s  o f th e  f i lm  in c re a s e s  w ith  d ec rea s in g  O2 c o n te n t in  
th e  p la sm a , w h i le  th e  d e p o s i t i o n  r a t e  i n c r e a s e s  w i th  th e  
p e rcen tag e  o f argon in  th e  plasm a. W ith a gas o f p re s su re  2x10“ 
T o r r ,  and c o n s t a n t  r . f .  pow er (head c u r r e n t  r e a d in g  o f  6 
Amperes), th e  d e p o s it io n  r a t e  ( a / 0.4 pm /hr) and r e f r a c t iv e  index 
(1.567 a t  0.633pm w avelength) o f th e  sp u tte re d  f i lm  a re  found to  
be e x tr e m e ly  c o n s i s t e n t  fro m  ru n  to  ru n . Hence f i l m s  o f  w e l l  
d e f in e d  th ic k n e s s  can  be p ro d u c e d  by s p u t t e r i n g  f o r  a p r e ­
127
de term ined  p e r io d .
E x p e r im e n ta l  o b s e r v a t io n  i n d i c a t e s  t h a t  th e  s p u tte re d  
f i lm  does n o t have th e  same com p o sitio n  as th e  t a r g e t  m a te r ia l ,  
th e  s p u tte re d  la y e r  having a h ig h e r index than  th e  bulk  m a te r ia l .  
N ish im u ra  e t  a l .  fo u n d  t h a t  th e  s p u t t e r e d  f i l m s  h av e  a  
d i f f e r e n t  barium  c o n te n t than  th e  bulk . T h is can be a t t r ib u te d  
to  th e  f a c t  t h a t  th e  d i f f e r e n t  atom s from  th e  cathode may n o t a l l  
f in d  a  s u i ta b le  bonding s i t e  w ith in  a  g iven  tim e  p e r io d , and a re  
r e -e m itte d . T h e re fo re  some ty p es  o f  atom s s t i c k  to  th e  s u rfa c e  
b e t t e r  th an  o th e r s ,  r e s u l t in g  in  a  changed c o n p o s it io n .
The lo s s e s  o f  th e  s in g le  mode w aveguides produced w ere 
m easu red  to  be l e s s  th a n  0.5 dB /cm , and th e  f i l m  th ic k n e s s  was 
u n ifo rm  o v e r an  a r e a  o f  25mm d ia m e te r .  The q u a l i t y  o f  th e  
w aveguide can in  p r in c ip le  be f u r th e r  improved by la s e r  an n ea lin g  
w ith  a  CO2 l a s s e r but  t h a t  was n o t n ecessa ry  in  our work.
5 .2  H olograph ic  D if f r a c t io n  G ra tin g s
The f a b r ic a t io n  o f g ra t in g s  by h o lo g rap h ic  in te r fe re n c e  
as  opposed to  e le c t r o n  beam m ethods was f i r s t  p roposed  by
D en isyuk  (5-12) % ^th a v iew  to  s p e c t r o g r a p h ic  a p p l i c a t i o n s ,  and 
had been c a r r ie d  o u t in  th i s  departm ent s in c e  1969
S u b m ic ro n  p h o t o r e s i s t  g r a t i n g s  a r e  f a b r i c a t e d  by 
h o l o g r a p h i c a l l y  e x p o s in g  a t h i n  f i l m  o f  r e s i s t  t o  t h e  
in te r fe re n c e  p a t te r n  o f two p lan e  waves of b lue  argon la s e r  l i g h t  
a t  an a p p ro p r ia te  a n g le , fo llo w ed  by developm ent o f th e  r e s i s t ,
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h e n ce  th e  te rm  'e x p o s u re  and d e v e lo p m e n t ',  o r  ED m ethod. 
P r e c i s e  p e r i o d i c i t y  c o n t r o l  i s  p o s s i b l e  , and  c u rv e d
and c h i r p e d g r a t i n g s  have been dem onstra ted  u sin g  s p h e r ic a l  
w avefron ts  in s te a d  o f  p la n e  w av efro n ts .
A n o th e r  . m e th o d , c a l l e d  S im u lta n e o u s  E x p o su re  and 
Development (SED) (5-17)^ in v o lv es  exposure o f th e  sam ple in s id e  
a  c o n ta in e r  f i l l e d  w ith  dev elo p er so t h a t  th e  r e s i s t  i s  removed 
a s  i t  i s  e x p o se d , th u s  r e d u c in g  th e  e f f e c t  o f  a b s o r p t io n  on 
e x p o su re  p a r a m e te r s .  T h is  SED m ethod  i s  s u p e r io r  to  th e  ED 
method because g ra t in g s  w ith  grooves c u t  down to  th e  s u b s t r a te s  
a r e  r e a d i l y  o b t a in a b le ;  i t  i s - d i f f i c u l t  f o r  th e  ED m ethod to  
produce such g ra t in g s  because exposure p a ram e te rs  a re  d i f f i c u l t  
to  c o n tro l. A SED c e l l '  was c o h s tru c te d  from  alum inium  and had 
two re c ta n g u la r  shaped q u a r tz  windows o p t ic a l ly  f l a t  to  A /2 0  (to  
p re se rv e  good q u a l i ty  w av efro n ts) . The in n er w a ll  o f th e  c e l l  
was s p e c ia l ly  co a ted  to  p re v e n t chem ica l r e a c t io n  betw eeen th e  
c e l l  and th e  developer. U n fo rtu n a te ly  some re a c tio n s  d id  occur, 
and th e  w indow s w ere  c o n ta m in a te d .  O rg a n ic  s o lv e n t s  had no 
e f f e c t  on su ch  c o n ta m in a t io n ,  and i t  was e x p e n s iv e  to  r e p o l i s h  
th e  windows. S ince i t  was n o t n ecessa ry  to  have g ra t in g s  w ith  
grooves c u t down to  th e  s u b s t r a te s  fo r  ion-beam  m il l in g ,  th e  ED 
method was adopted fo r  f a b r ic a t io n  o f g ra t in g  p a t te r n s .
In  th e  f o l lo w in g  s u b s e c t io n s ,  væ w i l l  d i s c u s s  th e  
p r o p e r t ie s  o f th e  p h o t o r e s i s t  u s e d , th e  i n t e r f e r o m e t e r  s e t - u p ,  
and th e  ex p erim en ta l p h o to r e s is t  g r a t in g s  produced.
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5.2.1 Characteristics of AZ 1350J Photoresist
The g e n e r a l  p r o p e r t i e s  o f  th e  S h ip le y  AZ p o s i t i v e  
p h o t o r e s i s t  w e re  m e n tio n e d  b r i e f l y  i n  s u b s e c t i o n  4 .4 .1 .2 .  
N e u re u th e r  and D i l l d i s c u s s e d  in  d e t a i l  th e  AZ1350J 
p h o t o r e s i s t ,  and show ed t h a t  th e  r e s i s t  e x p o su re  r e s p o n s e  i s  
n o n lin e a r , and can be exp ressed  m a th e m a tica lly  as fo llo w s :
à l ( x , t ) / ) x  = - I ( x , t )  [A.M (x,t) + B] (5 .2 .1 )
) M /) t  = - I ( x , t ) .M ( x , t ) .C  (5 .2 .2 )
/
w h ere  th e  c o o r d in a te  x i s  n o rm a l to  th e  r e s i s t  f i l m ,  t  i s  t h e  
tim e , I ( x , t )  i s  th e  l i g h t  in te n s i ty ,  and M(x,t) i s  th e  f r a c t io n a l  
c o n c e n t r a t io n  o f  th e  d i a z i d e  com pound. When M i s  u n i t y ,  th e  
r e s i s t  d is s o lu t io n  r a te  i s  n e g l ig ib le .  When M i s  reduced, th e  
r a t e  r a p i d l y  i n c r e a s e s .  The c o n s t a n t s  A, B and C can ' be 
e v a lu a ted  e m p ir ic a l ly  from a p lo t  o f  th e  o p t ic a l  tra n s m is s io n  o f 
th e  r e s i s t  f i l m  a s  a  f u n c t io n  o f  t im e . The d i s s o l u t i o n  r a t e  R 
in  a  1 :1  m ix tu r e  o f  w a te r  and AZ d e v e lo p e r  can  a l s o  be m o d e lle d  
by th e  fo llo w in g  e q u a tio n :
R = exp (Ejl t  E2M 4- E^M^) (5 .2 .3 )
w h e re  E ^ , B2 a n d  Eg a r e  c o n s t a n t s ,  M i s  t h e  f r a c t i o n a l  
c o n c e n tra tio n  of i n h ib i to r ,  and R i s  in  & /sec .
On t h i s  b a s is ,  one can c a lc u la te  n u m e ric a lly  th e  r e l i e f  
s t r u c t u r e  i n  a  r e s i s t  f i l m ,  g iv e n  t h e  l i g h t  i n t e n s i t y  
d i s t r ib u t io n ,  th e  exposure tim e , and th e  developm ent tim e . D i l l
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e t  have f u r th e r  ex tended  th e i r  work, and examined
th e  e f f e c t s  o f  t e m p e r a tu r e  on th e  r e s i s t .  V a r io u s  o th e r  
w o r k e r s (5 .2 1 -5 .2 4 ) ^ a v e  a l s o  t r i e d  to  c h a r a c t e r i z e  A2 s e r i e s
p o s i t iv e  p h o to r e s i s t .
i f  1
T he b e h a v i o u r  o f  p h o t o r e s i s t  d ep en d s  s t r o n g l y  on 
p a ra m e te rs  such as  exposure , developm ent, te m p e ra tu re , hu m id ity  
and so  on , and th e r e  i s  no f ix e d  p r e c i s e  p r o c e s s in g  m ethod . 
Because o f t h i s ,  we base  our work on d a ta  p re v io u s ly  o b ta in e d  in  
t h i s  d e p a rtm en t(5*25)_
; a .
Because s tan d in g  waves occur in  th e  r e s i s t  f i lm  norm al 
to  th e  g la s s  s u b s t r a te  d u rin g  exposure, th e  optimum th ic k n e ss  o f 
th e  r e s i s t  i s  a b o u t o n e - h a l f  o f  th e  g r a t i n g  p e r i o d (5*22)^ in  
o u r w ork , a  g r a t i n g  p e r io d  o f  a p p ro x im a te ly  0.3pm w as u se d  
(ap p ro p ria te  fo r  r i g h t  an g le  d e f le c t io n  o f guided l i g h t ) ,  which 
re q u ire s  a r e s i s t  th ic k n e ss  o f abou t 0.15pm. '
The th ic k n e ss  o f r e s i s t  f i lm s  depends on th e  sp in  speed, 
d u r a t i o n  o f  s p in n in g ,  and r a t i o  o f  r e s i s t  to  AZ t h i n n e r ,  and 
fo llo w s th e  r e l a t io n
t  = k D^/Js (5 .2 ,4 )
w h ere  k i s  a c o n s t a n t ,  D i s  th e  p e r c e n ta g e  o f  s o l i d  in  th e  
r e s i s t ,  and S i s  th e  s p in n in g  sp ee d . F ig , 5.2 show s th e  
th ic k n e s s  o f  d i l u t e d  r e s i s t  (1 p a r t  r e s i s t : 3 p a r t s  AZ th in n e r )  
a t  v a r io u s  s p in n in g  t im e s  and s p e e d s . The th ic k n e s s  ( a t  th e  
c e n tre  o f  th e  s u b s tra te )  was m easured u sing  an e l l ip s o m e te r ,  and 
c h eck ed  w ith  a T a ly s te p  s u r f o m e te r .  For r e s i s t  f i l m s  spun  on
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FIG 5.2 Thickness of diluted (1 part resist:  
3 parts thinner) res is t  a t various  
(a)spinning sp e e d s  and (b)tim es
la rg e  s u b s t r a te ,  th e  th ic k n e ss  d e c rea se s  w ith  d is ta n c e  from  th e  
a x i s  (F ig . 5 .3 ) . T h ro u g h o u t o u r w ork , a d i l u t i o n  o f  1 :3  (25% 
r e s i s t ) ,  a  s p in n in g  sp e e d  o f  4000rpm  f o r  20 s e c o n d s , and p r e ­
e x p o se  b a k in g  a t  75°C f o r  30 m in u te s  on an open h o t  p l a t e  w as 
used. The average  f i lm  th ic k n e ss  was 0.14pm, and th e  s tan d a rd  
d e v ia t io n  from  b a tc h  to  b a tch  was 10%.
The exposure and developm ent c h a r a c te r i s t i c s  o f  AZ1350J 
p h o to r e s is t  to  th e  457.9nm argon ion  la s e r  l in e  a re  shown in  F ig . 
5 .4 (a ) and 5 .4 (b ) . A c o n t a c t  mask w as u sed  to  p r o t e c t  h a l f  th e  
s a m p le  d u r i n g  e x p o s u r e ,  s o  t h a t  a  s t e p  w as p r o d u c e d  on 
developm ent fo r  tliic k n e ss  m easurem ents. The in c id e n t  exposure 
power was m easured u sin g  an UDT Model 122 power m ete r, c a l ib r a te d  
a t  457.9nm. A f te r  d e v e lo p m e n t th e  s a m p le s  w ere  r i n s e d  lh= 
f i l t e r e d  (1pm) w a te r ,  and b low n d ry  w i th  n i t r o g e n  g a s . In  th e  
m a n u fa c tu re  o f  g r a t i n g s ,  we f i x e d  th e  d e v e lo p m e n t t im e ,  and 
v a r ie d  th e  exposure tim e  to  com pensate fo r  any v a r ia t io n  in  th e  
p a ra m e te rs  fo r  c o n s is te n t  r e s u l t s .
5 .2 .2  In te r fe ro m e te r  A rrangem ent
The i n t e r f e r o m e t e r  s e t - u p  f o r  e x p o s in g  th e  r e s i s t  i s  
shown in  F ig , 5 .5 . The 4 5 7 .9nm l i n e  o f  a S p e c t r a  P h y s ic s  M odel 
165 a rg o n  io n  l a s e r ,  a f t e r  g o in g  th ro u g h  a s p a t i a l  f i l t e r  (a 
c o m b in a tio n  o f  m ic ro s c o p e  o b j e c t i v e  and 20pm p in h o le )  w as 
c o llim a te d  u sing  a p lano-convex  le n s  in  ‘b e s t  fo rm ' arrangem ent 
to  m i n i m i s e  a b e r r a t i o n s ,  and ch eck ed  f o r  p h a se  a c c u ra c y  w ith  a 
sh ea rin g  in te r fe ro m e te r  T his gave a 20mm d ia m e te r beam
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and s i n g l e  TEM^^ mode o p e r a t io n  (by a d ju s tm e n t  o f  th e  i n t r a ­
a c t i v i t y  a p e r t u r e  o f  th e  l a s e r ) .  The s t a b i l i s e d  o u tp u t  pow er 
w as A/70mW, and th e  e f f e c t i v e  beam d ia m e te r  (1 /e ^  p o in t s )  w as 
a b o u t  11mm. The beam w as th e n  s p l i t  i n t o  tw o by m eans o f  a
d ie le c t r i c - c o a te d  beam s p l i t t e r  (the su rfa c e s  were c p t i c a l l y  f l a t
t o  A/20 a n d  w e re  s l i g h t l y  w ed g ed  t o  r e d u c e  s e c o n d a r y  
r e f le c t io n s ) ,  and recom bined v ia  th e  th re e  m ir ro rs  on th e  sam ple 
su p ported  by a  gon iom eter s ta g e  a t  an an g le  0 w ith  re s p e c t  to  th e  
norm al o f th e  sam ple. The th re e -m ir ro r  system  p re v e n ts  l a t e r a l  
in v e r s io n  o f  th e  su p e r im p o se d  beam s and e n s u r e s  e q u a l  p a th  
l e n g th s  to  th e  sa m p le . The p e r io d  o f  th e  g r a t i n g  in  t h i s  c a s e  
i s  g iv en  by
_ A _  = Ag /  2 s in  e  (5 .2 .5 )
where i s  th e  f r e e  space w avelength  o f th e  l a s e r  l i g h t ,  and
2 0  i s  th e  an g le  betw een th e  two beams,
A good o p t ic a l  ta b le  to p  (from E aling) en ab le s  a c c u ra te  
a lig n m en t o f th e  components o f th e  in te r fe ro m e te r  to  a h o r iz o n ta l  
p lan e . Another im p o rtan t a lig n m en t would be th e  a d ju stm en t o f 
th e  i n t e n s i t i e s  o f tv/o i n t e r f e r i n g  beam s. I d e a l l y ,  th e  tw o 
beams would have eq u al i n t e n s i t i e s .  However, e x p e rim en ta l and 
th e o r e t i c a l  r e s u l t s i n d i c a t e  th a t  s l i g h t  v a r ia t io n s  in  th e  
i n t e n s i t i e s  a re  to le r a b le .  C onsidering  th e  f r in g e  v i s i b i l i t y  F 
fo r  two in te r f e r in g  beams o f i n t e n s i t i e s  and
^ “ (^max^^min^^(^max'^^min^ “ (5 ,2 .6 )
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where and a re  th e  maximum and minimum i n t e n s i t i e s  inmax mm
th e  f r in g e  p a t te r n .  For a  10% d if f e r e n c e  in  beam i n t e n s i t i e s ,  
th e  f r in g e  v i s i b i l i t y  d e c rea se s  by on ly  0.14%,
An a l t e r n a t i v e  a r ra n g e m e n t ,  com posed o f  tw o  s p a t i a l  
f i l t e r s  and tw o m i r r o r s  (F ig . 5 .6 ) , was a l s o  t e s t e d .  I t  was 
fo u n d  t h a t  th e  q u a l i t y  o f  th e  g r a t i n g s ,  a s  exam in ed  u n d e r a  
scanning  e le c tro n  m icroscope, d id  n o t improve d r a s t i c a l l y , 
and s in c e  t h i s  system  was more troub lesom e to  use (every tim e  a  
new angle  was chosen, th e  s p a t i a l  f i l t e r s  and c o l l im a to r s  had to  
be re -a d ju s te d ) ,  th e  th re e  m ir ro r  system  was adopted.
A s i m i l a r  a r r a n g e m e n t ,  u s in g  UV r a d i a t i o n  a t  3 5 1 .Inm , 
was a ls o  s e t  up (Fig. 5.7). An a n t i - r e f l e c t i o n  co ated  p rism  was 
u se d  to - s e p a r a t e  th e  tw o l i n e s ,  (351 ,Inm and 363.8nm) e m i t t t e d  
fro m  th e  a rg o n  io n  l a s e r ,  and a 10pm p in h o le  w as u se d  in  th e  
s p a t i a l  f i l t e r .  W ith  t h i s  s e t - u p ,  g r a t i n g s  w i th  p e r i o d i c i t y  
down to  O.l^m w ere produced w ith o u t th e  need fo r  th e  f r o n t  p rism  
te c h n iq u e  (5.29)^ B ecau se  th e  a rg o n  l a s e r  was n o t  d e s ig n e d  to  
l a s e  in  th e  UV, mode h o p p in g  was o b se rv e d . The q u a l i t y  o f  th e  
g ra t in g s  as s im i la r  to  th a t  o b ta in ed  using  th e  457.9nm s e t-u p , 
and s in c e  th e  UV la s e r  a rrangem ent was p r im a r i ly  in ten d ed  fo r  
an o th er p r o je c t ,  m ost o f our work was done u sin g  th e  457,9nm s e t ­
up.
A tte m p ts  w ere  made to  rem ove th e  r e s i s t  re m a in in g  
b e tw ee n  g r a t i n g  l i n e s  by oxygen p la sm a  a s h i n g T h e  
e tc h in g  r e a c t o r  in c lu d e s  a vacuum  cham ber and vacuum pump, a 
pow er su p p ly  to  e n e r g iz e  th e  d i s c h a r g e ,  and a v a lv e  to  c o n t r o l  
th e  f lo w  o f  g a s  to  th e  ch am b er. The sa m p le s  w ere  p la c e d
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FIG 5.6 The two-mirror interferometer  
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h o r i z o n t a l l y  in  th e  c y l i n d r i c a l - s h a p e d  ch am b er, and r . f .  pow er 
w as a p p l ie d  to  a  c o i l  wound ro und  th e  cham ber. F ig . 5.8 show s 
t y p i c a l  p l o t s  o f  v a r i a t i o n  in  g r a t i n g  h e ig h t  w i th  r e s p e c t  t o  
e tc h in g  t im e . The h e ig h t s  w e re  c a l c u l a t e d  fro m  d i f f r a c t i o n  
e f f ic ie n c y  m easurem ents (5.31-5.33)_ U n fo rtu n a te ly  no c o n c lu s iv e  
r e s u l t s  c o u ld  be d raw n  from  th e s e  e x p e r im e n ts ,  a l th o u g h  L, D. 
W estb ro o k  e t  a l .  r e p o r te d  h a v in g  s u c c e s s f u l l y  u se d  t h i s
method to  o b ta in  r e s i s t  g ra t in g s  c u t down to  th e  s u b s t r a te s .
5.2.3 Quality of Photoresist Gratings
Good q u a lity -  r e s i s t  g ra t in g s  w ith  p e r io d ic i ty  0.3pm w ere 
s u c c e s s fu lly  m anufactured  u s in g  th e  t h r e e - m i r r o r  a r ra n g e m e n t. 
F ig . 5.9 shows SEM p ic tu r e s  o f a  ty p ic a l  p h o to r e s is t  g ra t in g ,  a t  
b o th  h ig h  and low  m a g n i f i c a t io n .  As can  be s e e n  in  t h e s e  
p ic tu r e s ,  sp u rio u s  m odu la tions from  unwanted m u ltip le  r e f le c t io n s  
in  th e  i n t e r f e r o m e t e r  s e t - u p  w ere  m in im ise d . D i f f r a c t i o n  
e f f i c i e n c y  m e asu re m e n ts  (o b ta in e d  by s c a n n in g  th e  g r a t i n g  
p a t t e r n  w i th  a HeCd l a s e r  beam ,A ^= 325nm, s p o t  s i z e  /v 50pm) 
showed ‘th a t  th e  g ra t in g s  were uniform  in  h e ig h t over an a re a  o f 
A/7mm d ia m e te r  (F ig , 5 .10 ). The r i p p l e  e f f e c t  i s  due  to  th e  
a b so rp tio n  of th e  in c id e n t, l i g h t  by the  r e s i s t .  No such e f f e c t  
was observed fo r  an ion-beam  e tch ed  g ra t in g  (Fig. 5,10),
F ig . 5.11 shows SEM p ic tu r e s  o f a s h o r t  p e r io d  (A/0,2pm) 
g r a t i n g ,  u s in g  th e  UV i n t e r f e r o m e t e r .  A gain  h ig h  q u a l i t y  
g ra t in g s  were p o s s ib le .
G r a t i n g  p a t c h e s  o f  d e s i r a b l e  d im e n s io n s  w e re
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FIG 5.9 SEM photographs of a
photoresist grating (A= 
0 .3p m  )
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FIG 5.11 SEM pictures of a resist  
grating ( A = 0 . 2 p m )
su b seq u en tly  c u t  o u t o f th e  reco rded  p a t te r n  by p h o to lith o g ra p h ic  
te c h n iq u e ,  u s in g  a  p h o to g ra p h ic  e m u ls io n  mask and a m e rcu ry  
lamp. Care was tak en  to  a l ig n  th e  mask w ith in  th e  a re a  d e fin e d  
by th e  h a lf-p o w er p o in ts  o f th e  G aussian  beam used to  reco rd  th e  
g r a t i n g ,  in  o r d e r  to  m in im is e  v a r i a t i o n  in  th e  g r a t i n g  g ro o v e  
dep th . A fte r  r in s in g  and d ry in g , th e  sam ples w ere ready fo r  one 
f u r th e r  p ro c e ss , ion-beam  m il l in g .
5 .3  Io n  Beam M ill in g
Io n  beam m i l l i n g  (or e tc h in g )  u s in g  i n e r t  g a s  io n s  i s  
w id e ly  u sed  in  t r a n s f e r r i n g  a m ask p a t t e r n  ( e i t h e r  m e ta l  o r  
p h o t o r e s i s t )  o n to  a S u b s t r a t e 'm a t e r  . T h e 'm a in
advantages a re  : c o n tro l  o f th e  d i r e c t io n  o f io n s , a llo w in g  some 
c o n tro l  over s te p  edge p r o f i l e s ;  low er gas p re s su re , m in im izing  
back s c a t te r in g  co n tam in a tio n ; io n  c u r re n t  d e n s ity  and energy can 
be c o n tro lle d  in d ep en d en tly , a llo w in g  q u a n t i ta t iv e  e v a lu a tio n  o f 
e tc h  r a t e s .  R e c e n t ly ,  r e a c t i v e  g a s e s  have  a l s o  been  u se d , 
com bining some o f th e  advan tages o f ion  beam m il l in g  w ith  th e  
a n i s o t r o p i c  e t c h i n g  a n d  s e l e c t i v i t y  o f  r e a c t i v e  io n  
e tch in g  ,
5 .3 .1  B asic  M edianisia
In  ion  m il l in g ,  ions a re  e x tra c te d  from  a gaseous plasm a 
(generated  f a r  away from  th e  s u b s tr a te s )  and a c c e le ra te d  by a dc
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p o t e n t i a l  to w a rd s  th e  s u b s t r a t e s  w h ere  th e  s u r f a c e  e r o s io n  i s  
caused by momentum t r a n s f e r .
The r a t e  o f ion  m il l in g  i s  r e la te d  to  th e  im pinging ion  
f lu x  d e n s ity  and th e  s p u t te r in g  y ie ld  (defined  as  th e  number o f 
atom s e je c te d  from th e  s u b s t r a te  p e r in c id e n t ion ). The form er 
f a c t o r  i s  r e l a t e d  t o  th e  io n  s o u rc e  d e s ig n ,  w h i le  th e  s p u t t e r  
y i e l d  d ep en d s  on th e  c o m p o s i t io n s  o f  th e  s u b s t r a t e  and o f  th e  
ion  beam, th e  ion  a c e le r a t io n  v o lta g e , and th e  an g le  o f in c id en ce  
o f  th e  beam o n to  th e  s u b s t r a t e .  T h e o r e t i c a l  a n a l y s i s  o f  th e  
p r o c e s s e s  have  b een  g iv e  by s e v e r a l  w o rk e rs  (5 .42 ,5 .43 )  ^
p a r t i c u l a r  Ducommum e t  a l .  and J o h n s o n B o t h  u se
th e  fa c e t in g  phenomenon o f ion  beam m il l in g  to  d e te rm in e  e ro s io n  
p r o f i l e s  o f  g r a t i n g  r e l i e f  p a t t e r n s  on t h e  s u r f a c e s  o f  
s u b s t r a te s .
T h is  f a c e t i n g  e f f e c t  i s  shown s c h e m a t ic a l ly  in  F ig . 
5 .12 . The ro u n d ed  p o r t i o n  (due to  e x p o su re  and d e v e lo p m e n t 
c o n d i t io n s )  a t  th e  to p  edge o f  a p h o t o r e s i s t  f e a t u r e  w i l l  be 
su b je c te d  to  bombardment a t  v a r io u s  an g le s  o f in c id en ce , rang ing  
fro m  p e r p e n d ic u la r  a t  th e  to p  {© -  0°) t o  g r a z in g  a t  th e  w a l l s  
( 0 = 90°). Because th e  m il l in g  r a t e  o f p h o to r e s is t  i s  f a s t e s t  
a t  some a n g le  0 b e tw e e n  45° and 9 0 ° , a  f a c e t  w i l l  fo rm  a t  t h i s  
c o rn e r .  T h is  e f f e c t  w i l l  c o n t in u e  u n t i l  i t  r e a c h e s  th e  f i l m -  
r e s i s t  i n t e r f a c e ,  a t  w h ich  p o i n t  th e  l i n e  w id th  w i l l  s t a r t  to  
d ec rea se  and a new f a c e t  w i l l  be m ille d  in to  th e  th in  f i lm  being  
e tc h e d . .
In  g e n e r a l ,  io n  beam e tc h in g  w ith  i n e r t  g a s  io n s  i s  
capab le  o f p roducing  very  h ig h  r e s o l u t i o n  p a t t e r n s (5 .4 6 ,5 .4 7 )^
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su b s tr a te
FIG 5.12 F acet  formation in photoresist  
d u e  to  ion bom bardm ent
w ith  a sp e c t r a t i o  ( r a t io  o f dep th  to  w id th  o f an e tch ed  fe a tu re )  
l e s s  th a n  o r  e q u a l  to  u n i ty .  F o r a s p e c t  r a t i o s  g r e a t e r  th a n  
u n i ty ,  w a ll shapes become d i f f i c u l t  to  c o n tro l ,  and r e a c t iv e  gas 
io n s  a re  n ecessa ry . ■ ' ’ /
5 .3 .2  Io n  Beam E tch e r
A GV p la n a r  M odel IB7 io n  beam e tc h in g  e q u ip m e n t w as 
a v a i l a b l e .  The sy s te m  c o n s i s t s  o f  a  d i f f u s i o n  pumped vacuum  
ch am b er, a w a te r - c o o le d  tu n g s te n  f i l a m e n t  w ir e  c o a te d  w i th  
la n th a n u m  h e x a b o r id e ,  pow er s u p p l i e s  f o r  th e  f i l a m e n t ,  th e  
a c c e l e r a t i o n  o f  the* io n  beam and th e  g e n e r a t io n  o f  th e  io n  
p lasm a, and a 10cm d ia m e te r  w a te r-co o led  specim en h o ld e r p la te  
( t u r r e t )  r o t a t i n g  a t  1 rpm (F ig . 5 .1 3 ). The m ic ro sc o p e  s l i d e s  
a r e  th e r m a l ly  c o n ta c te d  to  th e  p l a t e  by a p a i n t  made up o f  a 
m ix tu re  of Indium  (10% by w eight) and G allium  (84%).
S ev e ra l m o d if ic a tio n s  w ere made on th e  equipm ent 
to  improve i t s  perform ance. U n fo rtu n a te ly  no m ajor a l t e r a t io n s  
w ere  p o s s i b l e  b e c a u se  o f  th e  c o n s t r u c t i o n  o f  th e  cham ber and 
d e s ig n  o f th e  power s u p p lie s . N e v e rth e le ss , th e  so u rce-sam ple  
d i s t a n c e  was re d u c e d , and th e  g a s  p r e s s u r e  w as lo w e re d  to  
in c re a se  th e  mean f r e e  p a th  o f th e  ions.
E x p e r im e n ta l  r e s u l t s  i n d i c a t e d  r e a s o n a b le  u n i f o r m i ty  
around th e  p e rip h e ry  o f th e  t u r r e t ,  and th e  e tc h  r a t e  was a b e l l ­
shaped curve along  tlie  d ia m e te r  o f th e  t u r r e t .  The p re s su re  o f 
th e  p u re  a rg o n  g as  in  th e  cham ber was 2pm (of H g), th e  beam 
c u r re n t  was s e t  a t  200 |oA/cm , and th e  a c c e le ra t in g  p o te n t ia l  was
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FIG 5.13 Schem atic diagram of th e  
ion beam  etcher
5kV ( b u i l t  up a t  a  r a t e  o f  0.5 k V /m in ).
There w ere a  l o t  o f  p roblem s w ith  th e  equipm ent, p a r t ly  
b e c a u se  o f i t s  age (o v er t e n  y e a r s ) ,  and p a r t l y  b e c a u s e  o f  
e tc h in g  m a te r ia ls  o th e r  th an  g la s s ,  fo r  example l i th iu m  n io b a te  
th ro u g h  a  c a rb o n  mask w i th  b u ta n e /a r g o n  g a s e s ,  o r  germ an ium . 
C ontam ination  r e s u l te d  from  th e se  ex p erim en ts , and an oxygen run  
had to  be c a r r ie d  o u t to  c le a n  th e  system .
A tte m p ts  w e re  made to  u s e  o th e r  io n -b e a m  e t c h e r s ,  and 
th e  SERC e q u ip m e n t a t  R u th e r f o r d  L a b o ra to ry  w as u sed . The 
r e s o lu t io n  o f  th e  machine was found to  be b e t te r  th an  0.2pm, b u t 
due to  su rfa c e  co n tam in a tio n  o f th e  w aveguides (5*48) use  was 
d isco n tin u ed . The lo s s  m easurem ent o f  an e tch ed  s ilv e r-so d iu m  
io n  ex ch an g e  w av eg u id e  i s  show n in  F ig . 5 .14. T ra c e s  o f  
chromium, alum inium  and some u n id e n t i f ie d  o rg an ic  re s id u e  w ere 
fo u n d  on th e  s u r f a c e .  The m e ta ls  may come fro m  r e m a in s ’o f  
e tched  chrome p l a t e  ( p r im a r i ly  th e  f u n c t io n  o f  t h i s  eq u ip m e n t)  
and from  th e  s u b s t r a te  h o ld e r (made o f  alum inium ).
5 . 3 ^  Io n -e tc h e d  G ra tin g s  on G lass
Because o f th e  many problem s encoun tered , th e  y ie ld  from 
our d ep a rtm en ta l equipm ent was low , le s s  th an  10%. P ostbak ing  
o f  th e  p h o t o r e s i s t  g r a t i n g s  was n o t  p o s s i b l e  b e c a u se  o f  th e  
s h o r t  p e r i o d i c i t y ,  and a b l i s t e r i n g  e f f e c t  o f  th e  r e s i s t  
so m e tim e s  o c c u r re d  (F ig . 5 .1 5 ). N o n e th e le s s ,  o c c a s io n a l  good 
r e s u l t s  w ere  p o s s i b l e ,  and F ig . 5.16 show s a SEM p i c t u r e  o f  a 
s u c c e s s fu l  g ra tin g  e tched  on s p u tte re d  7059 g la s s .  The sam ple
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FIG 5.15 B lis ter in g  of th e  re s is t  i n s i d e  
t h e  ion b e a m  etch er
/ / .■
FIG 5.16 Grating etched on sputtered  
7059  g l o s s
w as p la c e d  a lo n g  th e  p e r ip h e r y  o f  th e  t u r r e t ,  and th e  e tc h in g  
tim e  was ty p ic a l ly  25 m in u tes . The e tch  r a t e  o f th e  waveguide 
w as a b o u t 230 & /m in , and o f  th e  r e s i s t  a b o u t 180 Â /m in . A f te r  
e t c h in g ,  th e  re m a in in g  r e s i s t  was n o rm a lly  rem oved by oxygen 
p lasm a ash ing . Som etim es i t  was ex trem ely  d i f f i c u l t  to  remove 
th e  b u rn t r e s i s t  co m p le te ly , and d ip p in g  in  a  m ix tu re  o f 7 p a r t s  
c o n c e n t r a te d  H^SO^ and 2 p a r t s  HgOg f o r  a  few  m in u te s  w as 
n e c e s a ry .  Some d e g ra d in g  o f  th e  w av eg u id e  ( in c r e a s e  in  
s c a t te r in g  lo s s )  was o bserved .
5 .4  C onclusions
We have  d e s c r ib e d  v a r io u s  f a b r i c a t i o n  s t e p s  in  th e  
m a n u fa c tu re  o f  p e r i o d i c  w a v eg u id e s  w i th  s u r f a c e  c o r r u g a t io n s .  
The hom ogeneous t h i n - f i l m  w a v eg u id e  w as fo rm ed  by s p u t t e r i n g  
C o rn in g  7059 g l a s s  on F i s h e r  b ra n d  m ic ro sc o p e  s l i d e .  The 
g ra t in g  was made by h o lo g rap h ic  exposure (by la s e r  l ig h t)  o f th e  
p h o to r e s is t  f i lm  on to p  o f th e  w aveguide, and f i n a l l y  th e  g ra t in g  
r e l i e f  p a t te r n  was t r a n s f e r r e d  onto  th e  su rfa c e  o f th e  waveguide 
by ion-beam  m ill in g . A summary o f th e  v a rio u s  s te p s  i s  g iven  in  
Appendix 5A.
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Appendix 5A
Data for the fabrication of Hologra#iic Grating^
R e s is t
D ilu tio n  r a t i o  
S p in  speed 
Spin  tim e
P re-bake  tem p era tu re  
P re-bake tim e 
A verage th ic k n e ss  
T hickness v a r ia t io n
S h ip ley  AZ1350J (Europe)
1 p a r t  r e s i s t  to  3 p a r t s  AZ th in n e r
4000rpm
20 seconds
75°C u s in g  open h o t p la t e  
30 m inu tes 
0 .14  m icron
10% from  b a tch  to  b a tch  
H um idity a f f e c t s  exposure p a r a m e te r s ;  i t  s h o u ld  n o t  e x c e e d  60% 
du rin g  sp in -c o a tin g  and baking  p ro c e s s e s .
* S h ip le y  UK in fo rm e d  u s  t h a t  t h e  b a se  r e s i n  o f  1350J s u p p l ie d  
in  Europe d i f f e r s  from th a t  su p p lie d  in  th e  USA.
Exposure w avelength 
Exposure power 
Exposure tim e 
Developer 
Development tim e
457.9 nm (351.1 nm)
25 mW (10 mW)
25 seconds (8 seconds)
AZ d e v e lo p e r, 1 :1  d i lu t io n  w ith  w ater
1 m inute
Io n  m i l l i n g  e q u ip m e n t : GV P la n a r  (K auffm an gun w i th  t e t r o d e
arrangem ent 
15 mA 
5 kV
High p u r i ty  argon
2 m icrons o f Hg 
200 X/min (average) fo r  g la s s  
unbaked AZ1350J m ask /g lass  fVl 
by oxygen plasm a o x id a tio n
Beam C u rren t 
A c c e le ra tio n  p o te n t ia l  
Gas
Gas p re s su re  
Etch r a t e  
E tch  r a t i o  
Mask removal
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Chapter ^
E xperim en ta l P ro ced u res  and R e s u lts
,We have o u tl in e d  th e  f a b r ic a t io n  o f two ty p e s  o f  p a s s iv e  
Bragg w aveguide d e f le c to r s  (p e r io d ic  index v a r ia t io n  and p e r io d ic  
t h ic k n e s s  v a r i a t i o n )  in  c h a p te r s  4 and  5. In  t h i s  c h a p te r  we 
w i l l  d e s c r ib e  th e  m e asu re m e n t p r o c e d u re s  and th e  e x p e r im e n ta l  
r e s u l t s ,  and com pare  th e  r e s u l t s  w ith  th e o r e t ic a l  c a lc u la t io n s  
g iv en  in  c h a p te r  3.
6 .1  Measurement o f  D evice P aram eters
In  t h i s  s e c t io n  we w i l l  g iv e  a b r i e f  d e s c r ip t io n  o f th e  
te c h n iq u e s  u se d  to  m e asu re  t h e  v a r io u s  p a r a m e te r s  (such  a s  
o p t ic a l  c o n s ta n ts ,  geom etry and so on) o f our d e v ic e s .
6 .1 .1  R e f ra c t iv e  Index  M easurements
F or b u lk  s o l i d s  (e .g . g l a s s  s u b s t r a t e s )  we u sed  a 
B e llin g h a m  and S ta n le y  ty p e  60/ED Abbe r e f r a c t o m e t e r .  The 
in s t r u m e n t  i s  c a l i b r a t e d  a t  sod ium  D - l in e  {.5896pm ), and a t  th e  
w avelength  used (0.6328jJim) th e  accu racy  i s  0.0001.
For t h i n  f i l m s  (e .g . s p u t t e r e d  7059 g l a s s )  we u sed  th e  
synchronous ang le  m easu rem en t t e c h n iq u e  The in p u t  beam
was n o t fo cu ssed , and weak co up ling  was m ain ta in ed  to  m in im ise  
d i s tu r b a n c e  to  th e  w a v eg u id e . An a c c u ra c y  o f  0 .0001 i s  
p o s s i b l e 6=12) u s in g  th e  p r i s m  c o u p lin g  m ethod , e s p e c i a l l y
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fo r  m ultim ode w aveguides. In  s in g le  mode w aveguides th e  f i lm  
in d e x  and th e  t h i c k n e s s  can  be c a l c u l a t e d  from  th e  sy n c h ro n o u s  
a n g le  m e asu re m e n ts  o f  th e  TE and TM mode, w ith  th e  h e lp  o f  th e  
d i s p e r s i o n  e q u a t i o n .
6.1.2 Waveguide Attenuation Measurements
An o u tp u t p rism  co u p le r was f i r s t l y  p laced  a t  th e  end o f 
th e  g u id e , and then  moved tow ards th e  in p u t p rism , m easurem ents 
b e in g  ta k e n  a t  e q u a l  s p a c in g  a lo n g  th e  g u id e . The l i g h t  
c o u p le d  o u t  w as m e a su re d , t o g e th e r  w i th  a  r e f e r e n c e  beam (th e  
l a s e r  l i g h t  w as s p l i t  i n t o  tw o  i n i t i a l l y ) ,  u s in g  tw o  UDTPIN 10 
- .p h o to d io d e s .  The in p u t  beam w as m e c h a n ic a l ly  chopped  a t  a. 
f r e q u e n c y  o f  iKHz, and th e  r e l a t i v e  pow er m e a su re m e n ts  o f  th e  
s ig n a l  beam to  th e  re fe re n c e  beam a re  a c c u ra te  to  + 0.2dB.
6 .1 .3  G rat;ing P aram eters
The beam a n g le  0  f o r  th e  f i r s t  o rd e r  f r e e  s p a c e  B ragg  
d i f f r a c t i o n  o f a s in u s o id a l  g ra t in g  o f p e r io d  Jl  i s  g iv en  by
e = sln“^(A c/2JU (6 . 1 . 1 )
where 0 i s  m easured from  th e  norm al o f th e  g ra t in g  fa c e  as shown 
in  F ig . 6 .1 . By m e a s u r in g  t h i s  a u t o c o l l im a t io n  a n g le  ( to  2' 
o f an a rc ) , th e  p e r io d ic i ty  i s  a c c u ra te  to  + O.lnm.
For a p e r io d ic  index g ra t in g  th e  r e f r a c t iv e  index change
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îincident beam s diffracted b ea m s
FIG 6.1 B r a g g  diffraction of a  sinusoidal 
grating
A n w as e s t i m a te d  fro m  th e  m easu rem en t o f  th e  d i f f r a c t i o n  
e f f i c i e n c y  ïj  ^ ( r a t i o  o f  th e  d i f f r a c t e d  beam i n t e n s i t y  to  th e  
in c id e n t  beam in te n s i ty ) ,  when a l i g h t  beam was in c id e n t  from  th e  
a i r  on to  th e  f i lm  su rfa c e . I) ^ i s  g iven  tayt^*^)
K] d = sin2(irAnd/Xo) (6.1.2)
w h ere  d i s  th e  f i l m  t h i c k n e s s ,  and X ^ i s  th e  f r e e  sp a c e  
w avelength o f l i g h t  used .
Fora s u r f a c e  c o r r u g a t io n  g r a t i n g , t h e  g r a t i n g  d e p th  h 
was a ls o  c a lc u la te d  from  th e  d i f f r a c t i o n  e f f ic ie n c y  m easurem ent. 
For long p e rio d  g r a t in g s ,  th e  d i f f r a c t i o n  e f f ic ie n c y  y]^ i s (6.2)
  I d  = ( J i [ ( 2 t r / A  j A h ( n - l ) ] F  (6 .1 .3 )
w h ere  n i s  th e  r e f r a c t i v e  in d e x  o f  th e  g r a t i n g ,  and i s  th e  
B esse l fu n c tio n  o f th e  f i r s t  o rd e r. For s h o r t  p e r io d  g ra t in g s ,  
th e  a p p ro x im a te  th e o r y  by T o m lin so n  e t  a l .  (^ '^ ) w as u s e d , and a 
com puter program  (based on th e  e x a c t  s o l u t i o n s  by M arcu se (^ '^ )  ) 
w as a v a i l a b l e ' '  t o  c a l c u l a t e  A h .  An a c c u ra c y  o f  4^  2,5nm w as 
e s tim a te d .
The g r a t i n g  l e n g t h  L w as m e a s u re d  u s i n g  a U n io n  
M icroscope sh ea rin g  ey ep ie c e , w ith  an accuracy  o f + 1%.
* Program w r i t t e n  by D r. J .A .H , W ilkinson
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6.2 .Experimental _Set-up and Procedures
The e x p e rim en ta l a rrangem en t i s  shown sc h e m a tic a lly  in  
F ig . 6 .2 . A q u a r te r - w a v e  p l a t e  w as p la c e d  in  f r o n t  o f  a  NEC 
3mW HeNe v i s i b l e  l a s e r ,  t o g e th e r  w i th  a  p o l a r i z e r  f o r  mode 
s e l e c t i v i t y .  The beam w as th e n  chopped m e c h a n ic a l ly  a t  a 
f r e q u e n c y  o f  1 KHz ( to  m in im is e  a m b ie n t n o i s e ) ,  and s p l i t  i n t o  
two. The u n d e fle c te d  beam was d i r e c te d  tow ards th e  goniom eter 
s t a g e ,  and a f o c u s s in g  l e n s  was u se d  to  fo c u s  th e  u n d e f le c te d  
beam (focussed s p o t - s iz e  A/ 250pm 25pim, beam d iv e rg en ce  < 0.1°) 
onto  th e  coup ling  sp o t o f  th e  p rism  co u p le r . The d e f le c te d  beam 
a c te d  as  a  re fe re n c e  beam.
A MICRO CONTROLE G o n io m e te r (F ig . 6.3) w as u sed  in  o u r 
e x p e r im e n ts .  I t  h a s  a  r o t a t i o n  s t a g e  (ab o u t a  v e r t i c a l  a x i s ,  
an g u lar accuracy  5') and an  XYZ t r a n s la t io n a l  s ta g e . R o ta tio n  
in  th e  v e r t i c a l  p la n e  w as p ro v id e d  by a g o n io m e te r  c r a d l e  
(a n g u la r  a c c u ra c y  +^1 '). One arm  o f  a  U -shaped  c lam p  was u sed  
to  h o ld  th e  in p u t  p r is m  c o u p le r  (S c h o tt  SF15 g l a s s  p r is m  f o r  
g la s s  waveguide, r u t i l e  p rism  fo r  LiNbO^ w aveguide), w h ile  th e  
o th e r  arm housed a nylon screw  (p e rp en d icu la r to  th e  base o f th e  
in p u t p rism ). The waveguide was clam ped down by m ech an ica lly  
c o n ta c tin g  th e  su rfa c e  o f  th e  gu ide  to  th e  base o f th e  p rism , and 
a d ju s t in g  th e  screw  a g a in s t  th e  back o f th e  s u b s t r a te  to  form  a 
c o u p lin g  s p o t  (a re a /v lm m  d ia m e te r ,  d i s t a n c e  o f  s e p a r a t i o n  
N 0 . 2pm).
A p a i r  o f U nited  D e tec to r Technology PINIO p h o to d io d es , 
which w ere connected to  a H ew le tt-P eck ard  g a in -p h ase  m eter model 
3575A, were used to  m easure th e  r e l a t i v e  powers o f th e  am p litu d es
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FIG 6.3 Photograph of the goniom eter 
u sed
o f  th e  r e f e r e n c e  beam and th e  c o u p le d  beam . The m e te r  h a s  an  
analogue o u tp u t and d i g i t a l  d is p la y  o f th e  r a t i o  o f th e  two in p u t 
s i g n a l s  in  dBV. The a n a lo g u e  o u tp u t  fro m  th e  m e te r  was 
connected  to  a H ew le tt-P eck a rd  X-Y-T p l o t t e r  (model 7045A).
A Photodyne o p t ic a l  power m ete r (model 44xL), which has 
a ra n g e  fro m  1.999 to  1999 j j W, w as a l s o  u sed  in  th e  pow er 
m easurem ent. The d e v ia t io n  betw een th e  two system s i s  2%.
L ig h t from th e  HeNe la s e r  (A q = 0.6328pm) was launched 
i n t o  th e  w av eg u id e  u s in g  a p r i s m  c o u p le r .  By t i l t i n g  th e  
s u b s t r a t e  w i th  r e s p e c t  to  th e  in co m in g  beam , th e  a n g le  o f  
in c id e n c e  0  o f  th e  g u id e d  TE^ o n to  th e  g r a t i n g  e le m e n t  was 
a d ju s t e d  to  s a t i s f y  th e  B ragg  c o n d i t io n .  The d i f f r a c t e d  and 
t r a n s m it te d  beams w ere coupled  o u t (Fig. 6.4), and by m o n ito rin g  
th e  i n t e n s i t i e s  o f th e  o u tp u t m - lin e s , th e  d i f f r a c t i o n  e f f ic ie n c y  
(defined  as P^y^(Pj^+P,p), where Pq i s  th e  d i f f r a c te d  beam in te n s i ty  
and Pip i s  th e  tra n s m it te d  beam in te n s i ty )  was o b ta in ed . As fo r  
th e  bandw idth , we m easured th e  an g u la r s e l e c t i v i t y  o f  th e  g ra t in g  
by r o t a t i n g  th e  g o n io m e te r  c r a d l e ,  and a d j u s t i n g  th e  i n c i d e n t  
a n g le  0 .
For s u rfa c e  c o rru g a tio n  g ra t in g s ,  an a d d i t io n a l  p rism  
c o u p le r  w as u sed  to  m o n ito r  th e  i n c i d e n t  pow er j u s t  b e f o r e  th e  
g ra t in g  reg io n  (to  m in im ise  e r r o r  due to  random s c a t te r in g  in  th e  
r e g io n ) ,  and a p o l a r i z e r  was u se d  to  s e p a r a t e  th e  d i f f r a c t e d  TE 
and TM modes. The e x a c t d e te rm in a tio n  o f 0g was made d i f f i c u l t  
by th e  l a r g e  w id th  o f  th e  d i f f r a c t e d  beam , a s  com pared  to  th e  
co up ling  sp o t. Index m atching l iq u id  was used in  an a tte m p t to  
in c r e a s e  th e  c o u p lin g  r e g io n ,  b u t  w as abandoned  b e c a u se  o f  th e
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s c a t t e r i n g  in t r o d u c e d ,  w h ich  made m easu rem en t d i f f i c u l t ,  
e s p e c ia l ly  in  th e  beam p r o f i l e  experim en t. Hence th e  in te r a c t io n  
le n g th  L o f  th e  g r a t i n g  r e g io n  w as r e s t r i c t e d  to  < 1mm. The 
beam p r o f i l e  o f  th e  d i f f r a c te d  beam was m onitored  by a  scanning  
p h o to d e te c to r  w ith  an a p e r tu re  o f Ai 50pm.
6 .3  g e s u l tg
6 .3 .1  P e r io d ic  Index  W aveguides by Io n  Exchange In  G la ss
A number o f s in g le  mode ion-exchanged Bragg d e f le c to r s  
w ere f a b r ic a te d  as  d e sc r ib e d  in  c h ap te r  4, and th e i r  m easured and 
c a lc u la te d  perfo rm ances and p a ra m e te rs  a r e  su m m arised  in  T a b le  
6 .1 . P h o to g ra p h s  o f  th e  beam s p l i t t e r  u s in g  f i r s t  o r d e r  
d i f f r a c t i o n  a re  shown in  F ig . 6.5. There i s  n e g l ig ib le  random 
s c a t te r in g  o f l i g h t  a t  th e  g ra t in g  re g io n , and tlie  Bragg an g le  9g 
{f\> 4°) was d e te r m in e d  fro m  th e  p h o to g ra p h , w i th  an a c c u ra c y  o f  
1^. The p h o to g ra p h s  w e re  ta k e n  fro m  a H am am atsu CIOOO 
v id ic o n  m o n ito r, which in c o rp o ra te s  a  v e r t i c a l  l in e  scan  to  g iv e  
a  q u a n t i t iv e  m easurem ent o f th e  i n t e n s i t i e s  o f th e  two beams.
H ig h e r o r d e r  B ragg d i f f r a c t i o n  was a l s o  o b s e rv e d , th e  
d i f f r a c t i o n  e f f i c i e n c ie s  being  low er th an  t i ia t  o f the fundam ental 
(A; 15% fo r  th e  second o rd e r , and A# 1% fo r  th e  th i r d  o rd e r).
The n o rm alised  d i f f r a c t i o n  e f f ic ie n c y  as a fu n c tio n  o f 
i n t e r a c t i o n  le n g th  L i s  p l o t t e d  in  F ig . 6,6. The d i f f r a c t i o n  
e f f i c i e n c y  f o l lo w s  c l o s e l y  a  s in ^ (X L )  d ep en d e n c e , w h ere  X i s  
th e  c o u p lin g  c o n s ta n t .  The maximum i n t e n s i t y  f o r  th e  f i r s t
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FIG 6.5 Photographs of the beam splitter (Fb 17) 
showing variation of diffracted power a s  a  
function of 6. (a) n -  70% , (b)n -50% , ( c )  
n*30®/o.Tuning range for (o)-(c) :68= 0 .3 '
Normalised diffraction 
efficiency q/q (% )100-
— Theory  
• Experiment
50-
Interaction  
length (pm]
500
FIG 6.6 Normalised diffraction efficiency a s  a  
function of interaction length
o r d e r  d i f f r a c t e d  beam w as m e asu re d  to  be o n ly  76%. T h is  i s  
b e c a u se  a f i n i t e  G a u s s ia n  beam w as u se d  in  o u r e x p e r im e n t s ,  
w h e re a s  an  ' i n f i n i t e  p la n e  w ave ' t h e o r e t i c a l  m odel w as u se d . 
A lso  th e  g r a t i n g  s t r e n g t h  {oCAn) i s  n o t  u n ifo rm  th ro u g h o u t  th e  ,.,, 
f i l m ,  n o r i s  i t  o p t im is e d  f o r  th e  o v e r la p  i n t e g r a l  c o n s t a n t  k. 
The cu rve  i s  p lo t te d  a f t e r  th e  o v e rla p  in te g r a l  k i s  a d ju s te d  to  
f i t  th e  e x p e r im e n ta l  d a t a .  E x c e l l e n t  a g re e m e n t b e tw e e n  
c a l c u l a t e d  and  m e asu re d  v a lu e s  was o b ta in e d ,  f o r  b o th  th e  
d i f f r a c t i o n  e f f ic ie n c y  and th e  bandw idth.
The s i d e  d i f f u s i o n  o f  s i l v e r  io n s  u n d e rn e a th  th e  
a lum inium  s t r i p s  i s  o f param ount im portance  in  t h i s  f a b r ic a t io n  
tech n iq u e . The com plete  absence o f s i l v e r  ions in  th e se  re g io n s  . 
w ou ld  c a u s e  th e  g u id e d  mode to  be c o u p le d  i n t o  th e  s u b s t r a t e .
To in v e s t ig a te  t h i s  s id e  d i f f u s io n  mechanism, s e v e ra l  m ultim ode 
B ra g g  d e f l e c t o r s  w e re  f a b r i c a t e d ,  an d  t h e i r  r e s u l t s  a r e  
sum m arised in  T able  6.2.
A m ic ro g ra p h  o f  th e  g r a t i n g  r e g io n  o f  a  th re e -m o d e d  
w aveguide i s  shown in  F ig . 6.7. The m ark-space r a t i o  observed  
in  th e  p ic tu r e  c l e a r ly  in d ic a te s  th e  e x te n t  o f s i l v e r  d i f f u s io n  
underneath  th e  alum inium  mask, and j u s t i f i e s  th e  assum ption  th a t  
th e  m e t a l l i c  mask u sed  a c te d  l i k e  a n o n -c o n d u c tin g  m ask. 
Scanning m icroprobe a n a ly s is *  on th e  s u rfa c e  shows a 4% r e l a t i v e  
d i f f e r e n c e  in  th e  c o n c e n t r a t i o n  o f  s i l v e r  io n s  b e tw e e n  th e  
r e g io n s  o f  c l e a r  and d a rk  f r i n g e s ,  and th e r e  i s  no s i l v e r  in  a 
gap o f 0.1pm w id th . W ith a 0.1% d i lu te d  m e lt th e  d if f e r e n c e
* By P ro fe sso r  P.C . Jau ssa u d , EMSIEG G renoble, F rance
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TABLE 6 . 2  EXPERIMENTALLY MEASURED CONVERSION EFFICIENCY
(a) Three moded waveguide
'- . .^ ^ tp u t
in p u t
TEo TE^ TE 2^
TE0 32^ 2df>
TE^ 25^ 17^
TEg 2(É 17^
P ercen tag e  e r r o r :
(b) Two moded waveguide
in p u t^^ ^^^^ ^^
TE0 TE
TEo 67^ 2.af,
TE^ 19f=
P ercen tage  e r r o r :  +5^'
m #
FIG 6.7 SEM micrograph of an  ion-exchanged  
grating (immersion time of 90  m inutes  
in G 017o dilute melt of AgNOg/NaNOg
betw een th e  su r fa c e  and th e  s u b s t r a te  in d ic e s  i s  1.5x10 , th u s
th e  maximum in d e x  d i f f e r e n c e  in  th e  g r a t i n g  a t  th e  s u r f a c e  i s  
6x10“ ^. T h e c a lc u la te d  v a lu e  o f  k An ( fo r  -  40%) i s  2 x lO ~ t, 
T h is  i s  n o t  u n r e a s o n a b le ,  s in c e  th e  w av eg u id es  h av e  a  g ra d e d  
in d e x  p r o f i l e ,  and th e  g r a t i n g s  do n o t  h av e  a s i n u s o i d a l  
v a r ia t io n .
The m easu red  kAn (from  f r e e  sp a c e  d i f f r a c t i o n )  and  th e  
co rrespond ing  c a lc u la te d  fu n c tio n  (from guided  wave d i f f r a c t io n )  
a r e  p l o t t e d  i n  F ig .  6 .8  a s  a  f u n c t i o n  o f  t i m e .  T he
d i s c r e p a n c i e s  r e s u l t e d  fro m  th e  f a c t  t h a t  a s  s id e  d i f f u s i o n  
in c re a s e s ,  A  n d e c re a se s , a lth o u g h  th e  o v e rlap  f i e l d  in te g r a l  c 
approaches u n i ty  as  d i f f u s io n  tim e  in c re a s e s . Using a s tan d a rd  
curve f i t t i n g  te ch n iq u e , th e  change in  k A n  can be ex p ressed  as
k Â n  = 1.19xlO~4 e ( 4 6 .9 / t )  (6 ,3 .1 )
where t  i s  th e  d i f f u s io n  tim e in  m inu tes.
For th e  n o n - c o l l i n e a r  TE^ to  TE^ mode c o n v e r s io n
ex p erim en ts , th e  ang le  o f in c id en ce  9 ^  o f th e  in p u t TE^ mode was
a d ju s t e d  so  a s  to  s a t i s f y  th e  p h a se  m a tc h in g  c o n d i t io n  (F ig .
6 .9 ) .  i s  g iven  by
s in  = (A q/2Njj,A ) (6 .3 .2 )
w h ere  and a r e  th e  e f f e c t i v e  i n d ic e s  o f  th e  i n t e r v e n in g  
m odes. Sam ple p h o to g ra p h s  o f  th e  o u tp u t  m - l in e s  o f  a t h r e e -
moded w av eg u id e  a r e  shown in  F ig , 6,10, H igh c o n v e r s io n
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xIO- 4
—  free  sp a ce  diffraction (k=1)
—  guided w a v e  diffraction
2 -
diffusion time 
90 (minutes)
FIG 6.8 kAn a s  a  function of diffusion time
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fin J L
m
FIG 6.9 P h ase  matching diagram for ( a )  
colli near and (b) n o n -c o l l in e a r  
m ode conversion of guided  
m o d e s
( Q )
2 1 0  : ni 2 1 0  - ni
(C )
2 1 0 III 2 1 0  : nt
FIG 6,10 Photographs ot diffraction patterns of 
output m - lines:
(a)TE;TE,  ( b) TE;TE . c ) TE/ TE,  and
(d)TE-TE
e f f i c i e n c i e s  w ere  o b ta in e d  in  th e s e  p e r i o d i c  in d e x  w a v eg u id e s  
(see T able  6.2). As i s  expected  from  th e  f i e l d  d i s t r ib u t io n  o f  
th e  guided  modes, th e  o v e rlap  in te g r a l  o f th e  f i e l d  d i s t r ib u t io n  
and  E^^ d e c r e a s e s  w i th  in c r e a s in g  f i l m  th ic k n e s s  when th e  
m odes a r e  d i f f e r e n t  ( t h a t  i s ,  m = n ) . T h is  i s  in  c o n t r a s t  to  
th e  c a s e  when E ^^  = E^^, w h ich  a p p ro a c h e s  u n i ty  a s  th e  f i l m  
th ic k n e s s  in c r e a s e s .  B ragg d i f f r a c t i o n  s t i l l  d e c rea se s  because 
th e  g ra t in g  s t r e n g th  (cl&n) d e c rea se s  w ith  tim e  (Fig. 6.8).
A tw o - s te p  d i f f u s i o n  m ethod was a l s o  t r i e d .  A f i r s t  
d if f u s io n  in  d i lu te d  m e lt was c a r r ie d  o u t to  form  th e  waveguide, 
and a second d if f u s io n  in  p u re  m e lt was used to  form th e  p e r io d ic  
p e r t u r b a t i o n .  U n f o r tu n a te ly  th e  s a m p le s  tu r n e d  brow n in  th e  
a re a s  covered by th e  alum inium  maslcs. Anodised alum inium  and 
chromium masks had the same e f f e c t .  I t  appeared th a t  chem ical 
r e a c tio n s  betw een th e  d if fu se d  s i l v e r  and th e  fe r ro u s  im p u r i t ie s  
in  th e  g l a s s  had ta k e n  p l a c e ,  a id e d  by th e  p re s e n c e  o f  th e  
masking m a te r ia l .
By p o l i s h in g  o f f  th e  brow n s t a i n  ( t y p i c a l l y  10“ ^ ^m  
t h i c k ) ,  l i g h t  w as c o u p le d  i n t o  t h e  w a v e g u id e ,  a n d  B ra g g  
d i f f r a c t i o n  was o b s e rv e d . Hence th e  v a l i d i t y  o f  su ch  a 
tech n iq u e  was d em o n stra ted , how ever, a  d e ta i le d  a n a ly s is  o f tlie  
’brown s ta in in g ’ e f f e c t  i s  re q u ire d  b e fo re  working d ev ices  can be 
f a b r ic a te d .
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6.3.2 P e r io d ic  In d e s  W aveguides P ro to n  Exchange in  
LiNbO^
S in g le  mode s la b  w aveguide in c o rp o ra tin g  g ra t in g s  w ere 
f a b r i c a t e d  in  a  s i n g l e  d i f f u s i o n  p r o c e s s  u s in g  th e  p r o to n  
exchange p ro c e ss . F ig . 6.11 shows th e  o u tp u t m -lin e  fo r  th re e  
c a s e s  : (a) w e l l  o f f  B ragg a n g le ,  p ro d u c in g  o n ly  a t r a n s m i t t e d  
beam, (b) n ear Bragg ang le  in c id e n ce , g iv in g  app ro x im ate ly  equal 
s p l i t t i n g  b e tw ee n  d i f f r a c t e d  and t r a n s m i t t e d  beam s, and (c) 
Bragg ang le  in c id en ce  g iv in g  maximum d i f f r a c t io n .  No in c re a se  
in  random s c a t te r in g  was v i s ib l e  in  th e  g ra t in g  re g io n , and th e  
e f f e c t i v e  in d e x  o f  th e  TE^ mode w as m easu red  to  be 2 .259 , w h ile  
th e  maximum d i f f r a c t i o n  e f f ic ie n c y  was 90%.
S in c e  th e  in d e x  p r o f i l e  i s  a  s t e p  ch ange  in  in d e x , a  
c o n s ta n t  v a lu e  ^ n  (=0.12) was assum ed  o v e r th e  f i l m  th ic k n e s s .  
I t  w as n o te d  t h a t  b e c a u s e  o f  t h e  h ig h  in d e x  c h a n g e ,  t h e  
c a lc u la t io n  depends s tro n g ly  on th e  v a lu e  o f L, th e  in te r a c t io n  
l e n g th ,  and s e v e r a l  p e r i o d i c  ex ch a n g e s  b e tw een  z e ro  and f i r s t  
o r d e r  beam s had  o c c u re d  f o r  L = 750 pm* The o v e r la p  f i e l d  
in te g r a l  i s  e s tim a te d  to  be 0.89, hence th e  d i f f r a c te d  e f f ic ie n c y  
c a l c u l a t e d  i s  94% (j^5%). The m easu red  v a lu e  co m p ares
fav o u rab ly  w ith  t h i s  va lu e .
The m easured an g u lar h a l f  bandw idth A© was 19’ (in  a ir ) ,  
T h is m easured v a lu e  co rresponds to  an in te r n a l  accep tance  ang le  
( in  th e  w avegu ide) o f  8 ',  w h ich  i s  in  good a g re e m e n t w i th  th e  
th e o r e t ic a l  c a lc u la t io n  o f  6 ' .
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6.3.3 Periodic Index Waveguides, by Ti indiffusion ,jn
LiMbO^
B ragg  d e f l e c t o r s  u s in g  b o th  o n e - s te p  and tw o - s t e p  
d i f f u s i o n  te c h n iq u e s  w e re  f a b r i c a t e d ,  and a  common f e a t u r e  
o b s e rv e d  on a l l  th e  s a m p le s  w as th e  p re s e n c e  o f  s h a l lo w  
c o rru g a tio n s . The m odu la tion  d ep th s  o f  th e se  c o rru g a tio n s  w ere 
m easured to  be t y p ic a l ly  betw een 250A and 350%, and they  d id  n o t 
c o n t r i b u t e  t o  any  c o u p l in g  o f  beam s ( th e  w a v eg u id e s  w e re  
r e l a t i v e l y  deep, 1 to  1.5um fo r  s in g le  mode p ro p ag a tio n , and a r e  
s l i g h t l y  b u rie d ). F ig . 6.12 i s  a pho tograph  o f th e  p o lish e d  edge 
o f  a  sam p le  sh o w in g  th e  c r o s s - s e c t i o n  o f  th e  d i f f r a c t e d  and  
t r a n s m i t t e d  beam s. The a n g le  b e tw ee n  th e  tw o  beam s w as 
t y p i c a l l y  5 .5^ . The s c a t t e r e d  l i g h t  l e v e l  a lo n g  th e  p a th  o f  
th e  guided beam was m on ito red  a t  u s in g  a p h o to d e te c to r , and 
no pronounced peak was observed  in  th e  g ra t in g  reg io n .
The r e s u l t s  o f th e  d i f f r a c t i o n  e f f ic ie n c y  m easurem ents 
a re  sum m arised in  F ig . 6.13, For a  s in g le  d i f f u s io n  p ro c e ss  (t^  
= 0 ) , a  maximum e f f i c i e n c y  o f  64% w as o b ta in e d  f o r  a  d i f f u s i o n  
t im e  o f  t 2 = ^min* ^2 i n c r e a s e s ,  th e  e f f i c i e n c y  d ro p s
g r a d u a l ly  t o  a  few  p e r  c e n t  a t  t ^  -  10 h r s .  The s i t u a t i o n  i s  
c o m p lic a te d  by th e  f a c t  t h a t  Â lî d e c r e a s e s  a s  d i f f u s i o n  t im e  
in c r e a s e s ,  w h i le  th e  o v e r la p  f i e l d  i n t e g r a l  c  i n c r e a s e s .  By 
p l o t t i n g  th e  r a t i o  o f  ( e q u a t io n  4 .3 .2 ) t o
^  ^m easured t^rom guided  wave d i f f r a c t io n )  (Fig. 6.14), k Ân can 
be ex p ressed  in  te rm s o f A n (0 ) tb e o re tic a l
k An -  (4 .3 7 5 t + 25) n (0 )^ ^ 2 o re t ic a l  (6 .3 .3 )
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FIG 6.12 Photograph of the polished e d g e  
of a  Bragg deflector by T i : i n -  
di f fus i on in LiNbOg
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FIG 6.13 Diffraction efficiency a s  a  function 
of diffusion time
An(0)
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FIG 6.14 Fractional reduction of An(0) 
a g a in s t  diffusion time
w h ere  t  i s  th e  d i f f u s i o n  t im e ,  3 h r s  < t  < 10 h r s ,  f o r  o n e - s t e p  
d i f f u s io n  g r a t in g s .
. For th e  tw o -s te p  d i f f u s io n  p ro c e ss , maximum e f f i c i e n c ie s  
o f  60% and 46% w ere  m e asu re d  f o r  t o t a l  d i f f u s i o n  t im e s  o f  11 
hours {tÿ=8 h rs .)  and 8 hou rs (ti= 5  h rs .)  re s p e c tiv e ly . Hence a  
w e ll-g u id e d  mode (t^  > t^j^^) w ith  h ig h  d i f f r a c t i o n  e f f ic ie n c y  i s  
p o s s ib le  u s in g  t h i s  te ch n iq u e .
The d e p th  o f  th e  w av eg u id e  i n c r e a s e s  w i th  d i f f u s i o n  
t im e  t ,  w h i le  t h e  T i c o n c e n t r a t i o n  a t  th e  s u r f a c e  d e c r e a s e s  
p r o p o r t i o n a l l y  to  The a d d i t i o n  o f  a T i g r a t i n g  by a
sec o n d  d i f f u s i o n  le a d s  to  a  p e r i o d i c  r e f r a c t i v e  in d e x  in c r e a s e  
n e a r  th e  s u r f a c e .  . The added  c o n c e n t r a t i o n  o f  T i p lu s  t h a t  
a lre a d y  p re s e n t  in  th e  g u id e 'C o n tr ib u te s  to  th e  index  d if f e r e n c e  
(A^)f and a la rg e  A ,n  can be o b ta in e d  fo r  a s h o r t  d i f f u s io n  tim e  
t 2 i f  t ^  i s  made s u f f i c i e n t l y  lo n g . F u r th e r  d e t a i l s  a r e  g iv e n  
by B j o r n . The ch an g e  in  s lo p e  o f  th e  c u rv e  in  F ig , 6.13 i s  
due to  th e  d i f f u s i o n  k i n e t i c s  b e in g  m o d if ie d  by th e  i n i t i a l  
p r e s e n c e  o f  T i in  th e  g u id e . T h is  m o d i f i c a t i o n  i s  r a t h e r  
complex, and d e ta i le d  s tu d y  i s  re q u ire d  to  c h a r a c te r iz e  i t .
6 ,3 .4  P e r i o d i c  C o r ru g a te d  W av eg u id es  By H o lo q a p h ic
To con firm  th e  p re sen ce  o f mode co n v ersio n  6,10) 
m u lt ip le  r e f le c t io n s  w ith in  a g ra t in g  r e g i o n f o u r - l a y e r e d  
c o r r u g a t e d  w a v e g u id e s  w e re  f a b r i c a t e d .  The c o r r u g a te d  
w aveguides were un ifo rm  w a v eg u id e  s t r u c t u r e s  w i th  p h o t o r e s i s t
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g r a t i n g s  on to p .  The g r a t i n g  p a t t e r n  w as re c o rd e d  u s in g  th e  
in te r fe ro m e te r  tech n iq u e  on to  th e  r e s i s t  f i lm , w ith  th e  g ra t in g  
l i n e s  o r i e n t e d  a t  9g w i th  r e s p e c t  to  th e  lo n g  edge o f  th e  
waveguide. The h igh  index  r e s i s t  la y e r  r a i s e s  th e  modal f i e l d  
tow ards th e  s u r fa c e , hence in c re a s in g  th e  evanescen t t a i l  a t  th e  
s u p e r s t r a te  and co n seq u en tly  th e  g ra t in g  in te r a c t io n .  S ince  our 
coupled wave th eo ry  i s  v a l id  on ly  fo r  shallow  g ra t in g s ,  we w i l l  
n o t  m ake a  q u a n t i t a t i v e  c o m p a r i s i o n  o f  t h e  t h e o r y  w i t h  
ex p erim en ts , a lth o u g h  th e  coupled-w ave a n a ly s is  has been a p p lie d  
to  f o u r - l a y e r e d  B ragg f i l t e r s H o w e v e r ,  a  q u a l i t a t i v e  
s tu d y  w i l l  be g iven  here .
vt ; - . : 6>3.4ol Four-layered Corrugated Bragg Dêfl<^tors
D e fle c to rs  w ith  g ra t in g  p e rio d s  rang ing  from  0.25pm 
to  0.4^m w ere  f a b r i c a t e d  (70^<29<120®), and p h o to g ra p h s  o f  tw o 
su ch  d e v ic e s  a r e  show n in  F ig , 6 .15. As can  be o b s e rv e d , th e  
in te n s i ty  d i s t r ib u t io n  of th e  (wide) d i f f r a c te d  beam (Fig 6,15a) 
t a p e r s  o f f  fro m  one edge to  th e  o th e r .  A lso , th e  e x i s t e n c e  o f  
m u l t i p l e  r e f l e c t i o n s  o f  th e  i n c i d e n t  beam w i th in  th e  g r a t i n g  
e le m e n t  i s  e v id e n t  when c o m p arin g  th e  much w id e r  w id th  o f  th e  
d i f f r a c t e d  (F ig , 6 .15a) o r  t r a n s m i t t e d  (F ig , 6,15b) beam s to  th e  
a c tu a l  le n g th  o f  g ra t in g  ( re c ta n g u la r  p a tch  in  th e  photographs) 
t r a v e r s e d  by th e  i n c i d e n t  beam. In  b o th  c a s e s  show n, tw o 
p o l a r i s a t i o n  s t a t e s  (TE and TM) e x i s t e d  w i th in  th e  beam s, and 
mode conversion  was confirm ed as  th e  o u t coupled beams e x h ib ite d  
two c lo s e ly  spaced m -lin e s  o f  d i f f e r e n t  p o l a r i z a t i o n s .  T h e re  
w as s t r o n g  s c a t t e r i n g  a t  t h e  g r a t i n g  r e g i o n  ( th e  w h o le
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FIG 6.15 Photographs of the experimental 
four-layered corrugated B ragg  
deflectors
r e c t a n g u l a r  p a tc h  b r ig h te n e d  up) b e c a u s e  th e  c r i t i c a l  a n g le  a t  
th e  f i l m - c o v e r  i n t e r f a c e  (see  c h a p te r  2) was m o d if ie d  by th e  
p r e s e n c e  o f  th e  h ig h  in d e x  r e s i s t  l a y e r ,  and p a r t  o f  th e  g u id e d  
l i g h t  coupled in to  t h i s  la y e r  and s c a t te r e d  o u t.
The v a r ia t io n  of power a c ro ss  th e  w id th  o f th e  beam 
i s  c a u se d  by tw o  m a jo r  m ech an ism s. F i r s t l y ,  t h e  i n t e n s i t y  o f  
th e  d i f f r a c te d  beam ta p e r s  o f f  a c ro ss  i t s  w id th  because th e  power 
o f th e  in c id e n t  beam i s  g ra d u a lly  d i f f r a c te d  o f f  th e  g ra t in g  as  
th e  beam t r a v e r s e s  th e  c o rru g a te d  reg io n . Secondly, cu m u la tiv e  
p h a se  s h i f t s  due t o  m u l t i p l e  r e f l e c t i o n s  in  th e  g r a t i n g  r e g io n  
le a d  to  'b r e a k in g  u p ' o f  t h e  beam , s i m i l a r  t o  th e  ' i n t e r f e r e n c e  
e f f e c t '  in  co n v en tio n a l o p t ic s .  ^
The o v e r a l l  d i f f r a c t i o n  e f f ic ie n c y  was observed  to  
be s tro n g ly  dependent on th e  in c id en ce  an g le . For th e
same d ev ice  shown in  F ig . 6.15a, F ig . 6.16 shows expanded v iew s 
o f  th e  d i f f r a c t e d  beam f o r  t h r e e  c a s e s  : (a) 0<6g, (b) 6=0g and
(c) 6>6g. The a d d i t i o n a l  p h a se  s h i f t  c an  le a d  to  a lm o s t  t o t a l  
p h a se  c a n c e l l a t i o n  e x c e p t  a t  th e  tw o  ed g es  o f  th e  beam (F ig . 
6 .1 6 a ) , o r  i t  c an  le a d  t o  a s h i f t i n g  o f  th e  (red u ced ) m ain  lo b e  
a c r o s s  i t s  w id th  (F ig . 6 .1 6 c ). T h ese  e x p e r im e n ta l  r e s u l t s  a r e  
analogous to  t h a t  o f  Bragg g ra t in g  f i l t e r s ,  w ith  th e  appearance 
o f  s id e l o b e s  in  t h e i r  f r e q u e n c y  r e s p o n s e s  b e in g  in t r o d u c e d  by 
p h a se  m ism a tch  due t o  ch an g e  in  w a v e le n g th . In  o u r c a s e ,  
d e tu n in g  0  from  0 ^  h a s  th e  e f f e c t  o f  in t r o d u c in g  an  a d d i t i o n a l  
phase s h i f t  which changes th e  in te n s i ty  p a t te r n  o f th e  d i f f r a c te d  
p a t t e r n ,  and th e s e  c h a n g e s  a r e  d i s p la c e d  in  s p a c e  a lo n g  th e  
g ra t in g .  ,
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FIG 6.16 Photographs showing changes in
the intensity pattern of the reflect- 
ed beam: (a)6<6^j (b )6=0g  and (c)
0>©B
I n  g e n e r a l ,  b e c a u s e  o f  v a r i a t i o n  in  t h e  t h i c k n e s s  
o f  t h e  g u id e  and t h e  r e s i s t ,  and t h e  g r a t i n g  d e p t h s ,  t h e r e  was 
v a r i a t i o n  in  t h e  r e s p o n s e  o f  t h e  d e f l e c t o r  a lo n g  t h e  l e n g t h  o f  
th e  g ra t in g .  T h is  was n o t  so f o r  th e  p e r io d ic  index g ra t in g .
6 .3 .4 .2  î î i r e e - l a y e r e d  C orruga ted  Bragg D e f le c to r s
i *ui  a g — ■ m — II I, I a ' fTfc— — — n i n uTii i r  -  n r -
To make f u r t h e r  c o m p a r is o n  b e tw e e n  th e o r y  and 
exper im en t,  th r e e - la y e r e d  co rru g a te d  waveguides were f a b r ic a te d .  
Due to  th e  problem s encoun tered  in  th e  io n -m i l l in g  s te p ,  on ly  a  
few d e f l e c to r s  (e ig h t  a l to g e th e r )  o f  t h i s  type were s u c c e s s f u l ly  
c o n s t ru c te d .
F ig . 6.17 shows photographs of two such d e f l e c t o r s ,  
t h e  d e f l e c t i o n  a n g le  (2 0) b e in g  a p p r o x im a te ly  45^ and 90^ 
r e s p e c t i v e l y .  The b r o a d e n in g  o f  t h e  t r a n s m i t t e d  beam (due to  
m u l t ip l e  r e f l e c t i o n s  w i th in  th e  g ra t in g )  i s  e v id en t ,  and th e r e  i s  
l e s s  s c a t t e r i n g  a t  th e  g r a t i n g  r e g i o n  com pare  t o  t h o s e  o f  t h e  
f o u r - l a y e r e d  d e v i c e s .  I n  o r d e r  t o  m in im is e  t h e  b r o a d e n in g  o f  
tdie t r a n s m i t t e d  beam when making measurement, th e  in c id e n t  beam 
was a d j u s t e d  t o  t r a v e r s e  a s  n e a r  a s  p o s s i b l e  t o  t h e  to p  edge  o f  
t h e  g r a t in g .
The d e f l e c to r  p a ra m e te rs  and r e s u l t s  a re  summarised 
i n  T a b le  6.3, The e x p e r i m e n t a l  r e s u l t s  a r e  com pared  w i t h  
t h e o r e t i c a l  c a l c u l a t i o n s  u s in g  b o th  o n e - d im e n s i o n a l  and tw o -  
d im ens iona l s o lu t io n s .  The in c id e n t  beam was e s t im a te d  to  be 
250pm +. 25pm w id e ,  and th e  t o t a l  p e r c e n t a g e  e r r o r  i n  t h e  
c a l c u l a t i o n  i s  + . 10%» In  a l l  c a s e s ,  t h e  m easu red  r e s p o n s e s  
a g r e e  b e t t e r  w i t h  t h e  t w o - d im e n s io n a l  th e o r y  p r e d i c t i o n s ,
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FIG 6.17 Photographs of the experimental 
three-layered corrugated Bragg  
deflectors
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e s p e c ia l l y  a t  h ig h  e f f i c i e n c y ,  and th e re  i s  no TE-TE d i f f r a c t i o n  
fo r  2 ©g=90^. The e r r o r  in  th e  one-d im ensional th eo ry  in c re a s e s  
a s  e f f i c i e n c y  g o es  up. The b a n d w id th s  p r e d i c t e d  a r e  a l s o  v e ry  
much l e s s  th a n  th e  m e asu re d  v a l u e s ,  i n d i c a t i n g  t h a t  t h e  on e ­
d im en s io n a l  s o lu t io n  i s  n o t  a p p l ic a b le  in  t h i s  case .
6 ,3 .4 .3  Beam P r o f i l e  Measurements ' ’
Sample t r a c in g  o f th e  d i f f r a c t e d  beam p r o f i l e s  a re  
shown i n  F ig .  6 .18. The t a p e r i n g  o f  th e  i n t e n s i t y  a c r o s s  i t s  
w id th  can  be c l e a r l y  s e e n  (F ig . 6 .18a).  At p h a se  m ism a tch  
c o n d i t i o n  (9=0q ),  t h e  d i f f r a c t e d  beam i n t e n s i t y  d ro p s  r a p i d l y  
e x c e p t  a t  t h e  e d g es  o f  t h e  g r a t i n g .  The p h a s e - m is m a tc h  
i n t r o d u c e s  a  d e s t r u c t i v e  i n t e r f e r e n c e  w h ich  c a n c e l s  o u t  t h e  
d i f f r a c t e d  f i e l d ,  a s  lo n g  a s  t h e r e  i s  s u f f i c i e n t  i n t e r a c t i o n  
d i s t a n c e .  In  t h e  t w o - d im e n s io n a l  c a s e  t h i s  i n t e r a c t i o n  
d i s t a n c e  d ep en d s  on t h e  i n c i d e n t  beam w id th ,  and n o t  on th e  
g r a t in g  l e n g th .
6 ^  C onclusions
E xperim enta l Bragg waveguide d e f l e c to r s  were c o n s t ru c te d  
and t h e i r  r e s p o n s e s  com pared  w i th  t h e o r y .  For t h e  p e r i o d i c  
in d e x  w av eg u id e  d e f l e c t o r s  fo rm ed  by d i f f u s io n  tech n iq u es ,  th e  
r e s u l t s  a re  in  good agreem ent v /ith  one-d im ensional coupled wave 
p r e d ic t io n s .  For th e  co rru g a ted  waveguide d e f l e c to r s  formed by 
h o log raph ic  tech n iq u e , th e  r e s u l t s  a re  in  b e t t e r  agreem ent w ith  
tw o-d im ensiona l coupled wave p re d ic t io n s .  The e x is te n c e  o f  mode
195
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FIG 6.18 Beam  profile of the diffracted 
b eam  (sam ple  203d) ; (a) 6 = 0 0  
and(b)6;f:00
c o n v e r s io n  (TE-TM) and v a r i a t i o n  in  pow er a c r o s s  t h e  w i d t h s  o f  
th e  t r a n s m i t te d  and d i f f r a c t e d  beams were observed, and th e r e  i s  
no TE-TE c o u p l in g  a t  2 0g  = 90^.
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C hapter  2  
D icu ss io n  and C onclusions
7 .1  D iscu ss io n  q f  R e s u l t s
P e r io d ic  s t r u c t u r e s  p la y s  an im p o r tan t  r o le  in  th e  f i e l d  
o f  i n t e g r a t e d  o p t i c s  b e c a u s e  o f  t h e i r  u n iq u e  p r o p e r t i e s .  To 
i n v e s t i g a t e  t h e i r  u s e f u l n e s s ,  tw o ty p e s  o f  s in g le  mode p a s s iv e  
B ragg d e f l e c t o r s  w e re  f a b r i c a t e d  and t e s t e d  ; p e r i o d i c  in d e x  
waveguide formed by d i f f u s io n  through a g ra t in g  mask, r e s u l t i n g  
i n  a  p e r i o d i c  v a r i a t i o n  o f  l o c a l  r e f r a c t i v e  in d e x  i n  t h e  
w a v e g u i d e ,  an d  p e r i o d i c  t h i c k n e s s  ( c o r r u g a te d )  w a v eg u id e  
i n c o r p o r a t i n g  a p h o t o r e s i s t  g r a t i n g  on to p  o f  t h e  w av eg u id e  
( fo u r- la y e red  d e v ic e s ) ,  or w ith  th e  p a t t e r n  e tched  d i r e c t l y  onto  
th e  su r fa c e  o f  th e  gu ide  ( th re e - la y e re d  dev ices) .
7 .1 .1  P e r io d ic  Index  Waveguides
In  g e n e ra l ,  p e r io d ic  index waveguides a re  more e f f i c i e n t  
th a n  c o r r u g a t e d  w a v e g u id e s  b e c a u s e  o f  s t ro n g e r  p e r tu r b a t io n  o f 
th e  guided l i g h t .
P e r i o d i c  w a v e g u i d e s  h a v e  been  r e a l i s e d  i n  LiNbO^ 
waveguides u s ing  su r fa c e  c o r ru g a t io n s  formed by io n -e tc h in g ,  
o r  t h r o u g h  a p h o t o r e f r a c t i v e  p r o c e s s  . F o r  LiNbO^ 
waveguides, th e  evanescen t t a i l  a t  th e  s u p e r s t r a t e  decays r a p id ly  
due t o  t h e  l a r g e  r e f r a c t i v e  in d e x  d i f f e r e n c e .  Hence a  deep  
c o r r u g a t i o n ,  w h ich  i s  d i f f i c u l t  t o  f a b r i c a t e ,  i s  r e q u i r e d  f o r  
s t r o n g  i n t e r a c t i o n .  A ls o  random s c a t t e r i n g  a t  t h e  g r a t i n g
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r e g i o n  e x i s t s  b e c a u s e  o f  t h e  rough  s u r f a c e s  i n t r o d u c e d  by t h e  
io n - m i l l in g  s te p .  For th e  p h o to r e f r a c t iv e  g r a t in g ,  th e  LiNbO^ 
c r y s t a l  has to  be s p e c i a l l y  doped, and th e  e f f e c t  decays s lo w ly  
w i th  tim e. Annealing to  make th e  g r a t in g  more s t a b l e  r e s u l t s  in  
lower e f f i c i e n c y
We have  d e m o n s t r a t e d  in  t h i s  work t h a t  p e r i o d i c  in d e x  
g r a t in g s  could be produced by th e  novel techn ique  o f  d i f f u s io n .  
A f t e r  t h e  f a b r i c a t i o n  o f  p e r i o d i c  s t r u c t u r e  i n  g l a s s  by 
s i l v e r / s o d i u m  io n - e x c h a n g e ,  we have  f u r t h e r  e x te n d e d  th e  
techn ique  to  LiNbO^ by Ti in d i f f u s io n  and by pro ton-exchange in  
benzoic  a c id .
D i s t i n c t  f e a t u r e s  o f  t h e s e  d e v i c e s  i n c lu d e  n e g l i g i b l e  
random s c a t t e r i n g  and s t ro n g  p e r tu r b a t io n  a t  th e  g r a t in g  re g io n s ,  
and t h e  d e v i c e s  a r e  m e c h a n i c a l l y  more ru g g ed  com pared  t o  
co rru g a ted  v/aveguides, because th e  g r a t i n g  i s  embedded w i t h i n  
t h e  g u id in g  l a y e r ,  and h en ce  i s  l e s s  p ro n e  t o  e n v i r o n m e n ta l  
d is tu rb a n c e .
The g ra t in g  mask ( p e r io d ic i ty  ~ ÿ m ,  i n t e r a c t i o n  len g th  
L = 750|.im) was d e l in e a te d  on top  o f  th e  s u b s t r a t e  by co n v en tio n a l  
p h o t o l i t h o g r a p h i c  t e c h n i q u e ,  fo l lo w e d  by vacuum d e p o s i t io n  and 
l i f t - o f f .  Good q u a l i t y  s t r i p e  p a t t e r n s  w e r e  o b t a i n e d ,  
in d ic a t in g  the  h igh r e s o lu t io n  and f a i t h f u l  rep ro d u c tio n  of th e  
p la n a r  technology used.
2 0 0
7 . 1 . I f l  lo n -ex d ian g ed  G ra t in g s  in  G la ss
The f a b r i c a t i o n  t o l e r a n c e  was r e l a x e d  by u s in g .
0.1% d i l u t e d  AgNO^/NaNO^ m e l t ,  and good q u a l i t y  s i n g l e  mode 
w a v e g u id e s  ( l o s s e s  < 0.5 dB/cm a t  0.633 jim) i n c o r p o r a t i n g  
g r a t i n g s  w e re  fo rm ed  s i m u l t a n e o u s l y  i n  a o n e - s t e p  d i f f u s i o n  
p ro c e ss  on th e  same s u b s t r a t e .  : . .
The measured d i f f r a c t i o n  e f f i c i e n c y  and bandwidth 
f o r  th e  f i r s t  o rd e r  Bragg d i f f r a c t i o n  a r e  in  e x c e l l e n t  agreem ent 
w i th  th e  o ne-d im ensiona l coupled-wave s o lu t io n ,  and th e  response  
fo l lo w s  c lo s e ly  th e  s i n  (XL) dependence, where % i s  th e  coup ling  
c o n s ta n t .  A maximum e f f i c i e n c y  o f 76% was measured, p robab ly  
due to  th e  f i n i t e  G aussian  beam used.
To i n v e s t i g a t e  t h e  s i d e - d i f f u s i o n  m echan ism  
u n d e r n e a t h  t h e  g r a t i n g  m a s k ,  m u l t i m o d e  w a v e g u i d e s  w e r e  
f a b r i c a t e d .  As i s  e x p e c t e d ,  t h e  d i f f r a c t i o n  e f f i c i e n c y  
d ec rea se s  w i th  d i f f u s io n  t im e , and could be modelled by a s im p le  
e x p r e s s i o n .  Mode c o n v e r s io n  (TE^-TE^) was a l s o  o b s e r v e d  in  
t h e s e  d e v i c e s ,  and they , a r e  t h e  m o s t  e f f i c i e n t  o f  t h i s  ty p e  o f  
p a s s i v e  p e r i o d i c  v /av eg u id es  r e p o r t e d .  Low i n s e r t i o n  l o s s  i s  
e x p e c te d  from  t h i s  ty p e  o f  d e v i c e s ,  b e c a u s e  th e y  a r e  e x t r e m e l y  
i n e f f i c i e n t  a s  o u t p u t  c o u p l e r s  , u n l i k e  s u r f a c e  c o r r u g a t e d  
waveguides.
I n  o r d e r  t o  i n c r e a s e  t h e  f l e x i b i l i t y  o f  t h i s  
f a b r i c a t i o n  t e c h n i q u e ,  a t w o - s t e p  d i f f u s i o n  p r o c e s s  w as 
in v e s t ig a te d ,  us ing  th e  f i r s t  d i f f u s i o n  to  form the  waveguide and 
a second d i f f u s io n  to  form th e  g r a t in g  s t r u c tu r e .  T h is  was n o t
2 0 1
1s u c c e s s fu l  because th e  sam ples tu rn ed  brown in  th e  a r e a s  covered 
by t h e  m asks , and l i g h t  c o u ld  n o t  be c o u p le d  in .  T h i s  'b row n 
s t a i n i n g '  i s  p r o b a b ly  due t o  t h e  c h e m i c a l  r e a c t i o n  b e tw e e n  th e  
d i f f u s e d  Ag ions  and th e  f e r ro u s  im p u r i t i e s  in  th e  g l a s s ,  a ided  
by t h e  p r e s e n c e  o f  t h e  mask. How ever, w o rk in g  d e v i c e s  a r e  
env isaged  by us ing  p u re r  g l a s s  s u b s t r a t e s ,  o r  by u s in g  d i f f e r e n t  
d i f f u s io n  io n s .
7 , 1 , 1 . 2  T i - i n d i f f u s e d  G ra t in g s  i n  LiJKfbQ^
Ti i n d i f f u s i o n  i s  t h e  m o s t  common t e c h n i q u e  f o r  
f a b r i c a t i n g  o p t i c a l  waveguides in  LiNbO^, and we used t h i s  method 
to  p ro d u c e  p e r i o d i c  in d e x  g r a t i n g s  i n  y - c u t  LiNbO ^ . P e r i o d i c  
c o r ru g a t io n s  (m odulation dep th  n/250& to  350Â) were a l s o  observed 
on th e  s u r f a c e s  o f  t h e s e  d e v i c e s ,  b u t  t h e i r  c o n t r i b u t i o n  t o  t h e  
c o u p l in g  b e tw e e n  t h e  z e r o  and f i r s t  o r d e r  beam i s  n e g l i g i b l e ,  
b e c a u s e  w i t h  su ch  a  l a r g e  p e r i o d i c i t y  (3 jam) t h e  c o r r u g a t e d  
g r a t in g  would a c t  as  an o u tp u t  coup le r  ( r ad ia to r)  r a th e r  than  th e  
d e s i r e d  phase-m atch ing  e lem ent.
For a s i n g l e  d i f f u s i o n  p ro c e ss  (t^ = 0), a  maximum 
e f f i c i e n c y  o f  64% was measured fo r  a d i f f u s io n  tim e  o f  t 2 -  
However, a  long d i f f u s i o n  t im e  (1.5 to  2 t im e s  t^j^^) i s  u s u a l ly  
c h o se n  t o  im p ro v e  th e  r e p e a t a b i l i t y  o f  th e  g u i d e s ,  b e c a u s e  t h e  
e f f e c t i v e  in d e x  a s  w e l l  a s  i t s  r a t e  o f  change  d e c r e a s e s  w i t h  
t im e . In  t h i s  case  th e  e f f i c i e n c y  drops to  a only  few per c en t  
f o r  t 2 -  10 h r  s . ,  and th e  r e s p o n s e  c o u ld  be m o d e l le d  by a s im p le  
e x p r e s s i o n .  S id e  d i f f u s i o n  i s  a p ro b le m  in  t h i s  d i f f u s i o n
t e c h n i q u e .  Z - c u t  LiNbO^ c o u ld  foe u sed  t o  e a s e  t h e  p ro b le m .
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because z - c u t  m a te r i a l  has l e s s  l a t e r a l  d i f f u s io n ,  b u t  to  use  th e  
l a r g e  r^g  e l e c t r o - o p t i c  c o e f f i c i e n t  ( f o r  a c t i v e  d e v i c e s ) ,  more 
com plica ted  e le c t ro d e  p a t t e r n s  a re  req u ired .
To c ircum vent t h i s  low e f f i c i e n c y  s i t u a t i o n ,  th e  
tw o -s te p  d i f f u s io n  p ro cess  was employed. Deep waveguides were 
f a b r i c a t e d  w i t h  a  d i f f u s i o n  t i m e  o f  t ^  = 5 h r s .  and 8 h r s .  
r e s p e c t i v e l y ,  and w i t h  a  s e c o n d  d i f f u s i o n  t im e  o f  t 2 = 
h r s .  f o r  200%) t o  fo rm  t h e  g r a t i n g  r e g i o n ,  e f f i c i e n c i e s  o f  60% 
and 46% w ere  m easu red  r e s p e c t i v e l y .  We d e m o n s t r a t e d  t h a t  a  
w e l l-g u id e d  mode (t-|_ > w i th  h igh d i f f r a c t i o n  e f f i c i e n c y  i s
p o s s ib le  w ith  a tw o -s te p  d i f f u s io n  p ro c e ss .  Furtherm ore , th e  
d i f f u s i o n  t im e  and th e  T i  t h i c k n e s s  f o r  t h e  f i r s t  and seco n d  
d i f f u s i o n  s t e p  c an  be c h o se n  in d e p e n d e n t ly  f o r  o p t i m i s e d  
perform ance.
7 .1 ,1 ^ 3  Pro ton-exchanged g r a t in g s  i n  LxNbOo
P r o to n  e x ch an g e  i s  a  new m ethod f o r  f a b r i c a t i n g  
w a v eg u id e s  in  LiNbO^ A lth o u g h  much work i s  r e q u i r e d
b e f o r e  t h e  f u l l  m echanism  c an  be u n d e r s to o d ,  t h e  m ethod  i s  
a t t r a c t i v e  because of tlie h igh  index change (Ang/v0.12) p o s s ib le .  
High e f f i c i e n c y  g r a t i n g s  ( d i f f r a c t i o n  e f f i c i e n c y  n/ 90%) w e re  
ob ta in ed  in  x -c u t  LiNbO^ s u b s t r a t e s  u s ing  th e  o n e -s tep  d i f f u s io n  
p r o c e s s ,  and  b o th  t h e  m e asu red  e f f i c i e n c y  and b an d v /id th  a r e  i n  
good a g re e m e n t  w i th  th e  c a l c u l a t e d  v a lu e s  u s in g  th e  o n e ­
d im ens iona l coupled-wave s o lu t io n .
O n ly  TE m o d es  a r e  s u p o r t e d  i n  x -  o r  y -  c u t
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sam ples, and th e  waveguides a re  ve ry  sha llow  (< 1 jjm) because o f  
t h e  h ig h  in d e x  change . T h i s  may p o s e  a  p ro b le m  in  c o u p l in g  
b e tw e e n  f i b r e  and  f i l m .  To e a s e  t h i s  p ro b le m ,  g u id e s  can  be 
made which su p o r t  both  TE and TM modes by combining th e  p ro to n -  
exchange p ro cess  w i th  Ti i n d i f f u s i o n , and A n ^  can be v a r ie d  
f ro m  i t s  maximum v a lu e  (0.12) t o  0.01 by e i t h e r  u s in g  l i t h i u m  
r i c h  s o l u t i o n  (e.g. b e n z o ic  a c i d  w i t h  l i t h i u m  b e n z o a te )  o r  
a n n e a l in g  I t  i s  e n v i s a g e d  t h a t  t w o - s t e p  d i f f u s i o n
d ev ice s  can a l s o  be f a b r i c a te d  u s ing  th e se  techn iques .
7 .1 .2  P e r io d ic  Ohicltness (Corrugated) Waveguides
Our t h e o r e t i c a l  s t u d i e s  showed t h a t  tw o  d i s t i n c t  
f e a tu r e s  a re  p re s e n t  in  ob liq u e  inc idence  which a re  n o t  p r e s e n t  
in  n o rm a l i n c i d e n c e  : F i r s t l y ,  t h e  p r e s e n c e  o f  s t r o n g  c o u p l in g  
b e tw e e n  TE and TM m odes, w h ich  i s  shown t o  be d e p e n d e n t  on th e  
a n g le  o f  i n c id e n c e .  The TE-TM c o u p l in g  v a n i s h e s  a t  0 °  and t h e  
TE-TE c o u p l in g  a t  45^ ( s i m i l a r  t o  th e  'B r e w s te r  e f f e c t '  i n  
co n v en tio n a l  o p t ic s ) .  Secondly, th e  v a r i a t i o n  o f  power a c ro ss  
t h e  w id th  o f  t h e  t r a n s m i t t e d  and d i f f r a c t e d  beams. At h ig h  
e f f i c i e n c y ,  th e  beam 'b r e a k s  u p '.  T hese  f e a t u r e s  w e re  n o t  
observed in  the  p e r io d ic  index waveguides produced because of th e  
sm a l l  Bragg an g les  (0g < 4°), In  o rder  to  d em onstra te  th e se  two 
unique p r o p e r t i e s  in  ob lique  in c id en ce  (and s p e c i f i c a l l y  a r i g h t  
ang le  d e f l e c t i o n ) ,  submicron c o rru g a ted  g r a t in g s  were produced by 
h o lo g ra p h ic  techn ique.
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7 .1 .2 .1  F o u r - la y e re d  C orrugated  D evices
Because o f  problem s encountered  in  th e  io n - m i l l in g  
s t e p ,  deep  s u r f a c e  c o r r u g a t i o n s  w e re  n o t  p o s s i b l e ,  and h en ce  
fo u r - la y e re d  d ev ice s  were f a b r i c a t e d  t o  d e m o n s t r a t e  t h e  sec o n d  
p ro p e r ty  : v a r i a t i o n  o f  power a c ro s s  th e  w id th  o f  th e  t r a n s m i t t e d  
and d i f f r a c t e d  beam s. S p u t t e r e d  7059 h o m o g e n e o u s  g l a s s  
w a v e g u i d e s  w e r e  u s e d .  The p r e s e n c e  o f  t h e  h i g h  i n d e x  
p h o t o r e s i s t  l a y e r  on to p  o f  t h e  g u id e  p u l l s  th e  m odal f i e l d  
t o w a r d s  t h e  s u r f a c e  and i n c r e a s e s  t h e  i n t e r a c t i o n ,  and o u r  
q u a l i t a t i v e  e x p e r i m e n t a l  r e s u l t s  c o n f i r m e d  t h e  tw o  u n iq u e  
p r o p e r t i e s  of o b lique  inc idence .
7 o l .2 ,2  ü a îrée- layéred  C orruga ted  D evices
S ince  our coupled-wave fo rm alism  i s  v a l id  only  fo r  
sha llow  g r a t in g s ,  th r e e - la y e r e d  d ev ices  were f a b r i c a te d  to  a llow  
f u r th e r  comparison between th e o r i e s  and experim en ta l  r e s u l t s .
T h e re  i s  l e s s  s c a t t e r i n g  a t  th e  g r a t i n g  r e g i o n s  
com pared  t o  t h a t  o f  t h e  f o u r - l a y e r e d  d e v i c e s ,  and t h e  m e asu re d  
r e s p o n s e s  a g r e e  b e t t e r  w i t h  t h e  t w o - d i m e n s i o n a l  t h e o r y  
p r e d i c t i o n s ,  e s p e c i a l l y  a t  h ig h  e f f i c i e n c y .  The e r r o r  i n  t h e  
one-d im ensiona l p r e d ic t io n s  in c re a s e s  as  e f f i c i e n c y  goes up, and 
th e  bandwidth i s  a l s o  very  much l e s s  than the  measured v a lu es ,  
i n d i c a t i n g  t h a t  f o r  l a r g e  a n g le  d e f l e c t i o n  the  one-d im ensional 
s o lu t io n s  a re  n o t  a p p l ic a b le .
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7,2 Applications
W av e le n g th  s e l e c t i v e  d e v i c e s  a r e  d e s i r a b l e  f o r  u s e  in  
o p t i c a l  communication. Many w a v e le n g th  m u l t i / d e m u l t i p l e x e r s  
h av e  been  d e m o n s t r a t e d (7 .8-7 .12) Qspng a p r i s m ,  i n t e r f e r e n c e  
f i l t e r s ,  and d i f f r a c t i o n  g ra t in g s .  Losses in  th e se  d ev ice s  a re  
i m p o r t a n t ,  an d  t h e  g r a t i n g  t y p e  h a s  a  s h a r p  w a v e l e n g t h  
s e l e c t i v i t y  and hence a l lo w s  la r g e  numbers o f  channels . G ra tin g  
d e m u lt ip le x e r s  in  t h in  f i l m  waveguides have advantages such as  
h ig h  e f f i c i e n c y  and s m a l l  d im e n s io n s ,  and a r e  s u i t a b l e  f o r  
m o n o li th ic  in t e g r a t i o n  w ith  p h o to d e te c to r s  to  form an in te g r a te d  
o p t i c a l  w avelength d e m u l t i p l e x e r  (WDM) r e c e i v e r  t e r m i n a l  (F ig . 
7.1). However, c a r e f u l  des ig n  i s  nece ssa ry  to  reduce c r o s s t a lk  
between d i f f e r e n t  channels  because o f  mode conversion .
The p e r i o d i c  in d e x  g r a t i n g s  f a b r i c a t e d  by d i f f u s i o n  
tech n iq u es  seem prom ising  fo r  such an a p p l ic a t io n ,  because low 
i n s e r t i o n  l o s s  and h ig h  e f f i c i e n c y  a r e  p o s s i b l e ,  and th e  
t e c h n i q u e  i s  a p l a n a r  t e c h n o l o g y .  I n  c o n j u n c t i o n  v / i t h  
e s ta b l i s h e d  m ic r o - e le c t r o n ic s  technology, both th e  g r a t in g s  and 
th e  d e te c to r s  can be formed on th e  same sem iconductor s u b s t r a t e  
by d i f f u s i o n  p r o c e s s e s .  G r a t i n g s  in  d i s t r i b u t e d  f e e d b a c k  and 
d i s t r i b u t e d  Bragg r e f l e c t o r  l a s e r s  u s ing  sem iconductor s u b s t r a t e s  
can a l s o  be formed using  t h i s  d i f f u s io n  techn ique.
The p r o d u c t i o n  o f  su b m ic ro n  g r a t i n g s  u s in g  t e c h n i q u e s  
such  a s  e l e c t r o n - b e a m  and x - r a y  l i t h o g r a p h y  i s  e n v i s a g e d ,  and 
th e  h o log raph ic  techn ique  can be used to  g e n e ra te  lo w - d i s to r t i o n  
x -ray  masks. I f ,  however, s i d e - d i f f u s io n  ren d e rs  th e  submicron 
g r a t in g s  i n e f f i c i e n t ,  th e  tw o -s te p  d i f f u s io n  techn ique  developed
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can  c i r c u m v e n t  t h i s  p ro b le m . A l t e r n a t iv e ly ,  io n - im p la n ta t io n  
can be used in s te a d  o f  d i f f u s io n .
The two unique p r o p e r t i e s  o f  o b liq u e  inc idence  may l i m i t  
th e  a p p l i c a t io n  o f  g r a t in g  s t r u c t u r e s  in  s p e c i f i c  fu n c t io n s ,  such 
a s  the  l e n s l e s s  beam expander , where th e  'b reak ing  up' o f  
t h e  d i f f r a c t e d  beam s e t s  a  l i m i t  t o  t h e  maximum e f f i c i e n c y  
o b t a i n a b l e .  H ow ever, d e v i c e s  su ch  a s  t h e  t h i n  f i l m  p o l a r i z e r  
can be made based on th e  zero  TE-TE coup ling  a t  45°.
F u t u r e  i n t e g r a t e d  o p t i c a l  c i r c u i t s  may a l s o  be  
in te rc o n n ec te d  by means o f  s t r i p e  waveguides. Denser pack ing  o f  
d ev ice s  and low er c r o s s - t a l k  in te r f e r e n c e  i s  p o s s ib le  by tak ing  
a d v a n ta g e  o f  t h e  l a t e r a l  c o n f in e m e n t  o f  th e  g u id e d  l i g h t .  A 
dev ice  t h a t  i s  o f  g r e a t  i n t e r e s t  i s  a s t r i p e  waveguide f i l t e r ,  or 
d e m u lt ip le x e r .  A Y - ju n c t io n  s t r i p e  waveguide f i l t e r  (Fig. 7.2) 
s u f f e r s  from  th e  f o l l o v ; s  l i m i t a t i o n s :
(a) s c a t t e r i n g  a t  th e  ju n c t io n  in c re a s e s  n o ise  l e v e l ;
(b) t h e  i n t e r a c t i o n  l e n g t h  o f  t h e  g r a t i n g  i s  d i c t a t e d  by th e  
g e o m e try  o f  t h e  Y - j u n c t i o n ,  im p o s in g  a l i m i t a t i o n  on th e  
bandwidth o b ta in a b le ;
(c) in  o rder to  achieve  a narrowband f i l t e r ,  a ch irp ed  g ra t in g  
i s  r e q u i r e d  t o  p h a s e  m a tch  t h e  v a r i a t i o n  in  mode in d e x  a t  th e  
ju n c t io n  (due to  change in  w id th  of the  s t r i p e  v/aveguide). This 
i s  d i f f i c u l t  b e c a u s e  o f  t h e  l i m i t e d  s p a c e  a v a i l a b l e  a t  t h e  
ju n c t io n .
A l l  t h e s e  l i m i t a t i o n s  can  be overcom e by t h e  p ro p o s e d  
d i r e c t i o n a l  c o u p le r  f i l t e r  d e s i g n  (F ig . 7 .3 ), T h is  p a r t i c u l a r  
design  has th e  fo l lo w in g  advantages:
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(a)
(b )
FIG 7.2 Y - junction stripe w a v e g u id e :  
(a)power splitter; (b) Bragg filter
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(a) low n o i s e  l e v e l ,  b e c a u s e  t h e  s t r i p e  w a v e g u id e s  a r e  n o t  
i d e n t i c a l ,  h e n ce  no c o u p l in g  w i l l  o c c u r  w i t h o u t  t h e  p h a s e -  
matching e lem ent; •
(b) narrow bandwidth i s  a ch ie v a b le  because th e  g r a t in g  le n g th  i s  
n o t  l im i te d .  A lso no ch irp ed  g r a t in g  i s  re q u ire d  because th e re  
i s  no change  i n  mode in d e x ,  h e n ce  t h e  f a b r i c a t i o n  s t e p  in  t h e  
g e n e ra t io n  o f  th e  g r a t in g  i s  s im p le r ;
(c) t h e  g r a t i n g  s t r e n g t h  c an  be t a p e r e d  to  re d u c e  t h e  s i d e l o b e  
r e s p o n s e  o f  t h e  f i l t e r  by a m ask in g  t e c h n i q u e ,  g i v i n g  lo w e r  
c r o s s t a l k ;
(d) by using  normal in c id en ce ,  th e  l i m i t a t i o n  s e t  by th e  unique 
p r o p e r t i e s  in  ob liq u e  in c id en ce  i s  e l im in a te d .
7 « 3 C onclusions
This t h e s i s  has been concerned w ith  th e  e x p e r im en ta l  and 
t h e o r e t i c a l  s tu d ie s  o f  s in g le  mode p a s s iv e  Bragg d e f l e c to r s  fo r  
i n te g r a te d  o p t i c s .
The g e n e ra l  p r o p e r t i e s  o f  homogeneous and inhomogeneous 
d i e l e c t r i c  s l a b  waveguides a re  o u t l in e d  in  th e  t h e s i s ,  u s in g  both  
'g e o m e t r i c a l  o p t i c s '  and 'e l e c t r o m a g n e t i c  f i e l d  th eo ry '.  I t  i s  
shown t h a t  t h e  l a t t e r  a p p ro a c h  h a s  t o  be u sed  t o  o b t a i n  a 
com ple te  d e s c r ip t io n  of th e  mode p ro p ag a tio n .  Beam coupling  to  
t h e s e  p l a n a r  g u id e s  i s  a l s o  d e s c r i b e d ,  in  p a r t i c u l a r  em p lo y in g  
th e  p rism  coupling  te ch n iq u e ,  as used in  our experim ents .
N o v e l  t e c h n i q u e s  o f  f a b r i c a t i n g  p e r i o d i c  i n d e x  
waveguides by d i f f u s io n  through a g r a t i n g  mask were developed in
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t h i s  work (see  l i s t  o f  p u b l i c a t i o n s ) ,  r e s u l t i n g  i n  a p e r i o d i c  
v a r i a t i o n  o f  l o c a l  r e f r a c t i v e  in d e x  in  t h e  w a v e g u id e s .  The 
p la n a r  geometry o f  t h i s  type  o f  g r a t in g  was found to  be s u p e r io r  
t o  t h a t  o f  s u r f a c e  c o r r u g a t i o n  g r a t i n g s  i n  t e r m s  o f  e a s e  o f  
f a b r i c a t i o n ,  lo w e r  s c a t t e r i n g  l o s s e s  , s t r o n g  i n t e r a c t i o n  and 
m e c h a n ic a l  r u g g e d n e s s ,  and t h e  d i f f r a c t i o n  e f f i c i e n c y  could  be 
a d ju s te d  by p a ra m e te rs  such as  m e l t  d i l u t i o n ,  d i f f u s io n  t im e  and 
so  on. The f l e x i b i l i t y  o f  t h i s  p l a n a r  t e c h n i q u e  was f u r t h e r  
d e m o n s t r a t e d  by a  t w o - s t e p  d i f f u s i o n  p r o c e s s ,  i n d i c a t i n g  t h a t  
w a v e g u i d e  p a r a m e t e r s  c o u l d  be d e s ig n e d  i n d i v i d u a l l y  f o r  
o p t im ise d  perform ance.
A t t h i s  s t a g e  t h e  p e r i o d i c i t y  o f  t h e  g r a t i n g  mask i s  - 
l i m i t e d  by t h e  c o n v e n t i o n a l  p h o t o l i t h o g r a p h i c  t e c h n i q u e .  
S u b m icro n  g r a t i n g s  a r e  e n v i s a g e d ,  made by us ing  th e  d i f f u s io n  
techn ique  in  c o n ju n c t io n  w i th  e l e c t r o n  beam or x - ray  l i th o g rap h y .
T h e o r e t i c a l  s t u d i e s  on o b l i q u e  i n c i d e n c e ,  u s in g  o n e ­
d im ens iona l and tw o -d im en s io n a l coupled wave fo rm alism , i n d ic a te s  
tw o d i s t i n c t  p r o p e r t i e s  n o t  fo und  in  n o rm a l  i n c i d e n c e  : t h e  
p resence  o f  mode convers ion  between TE-TM modes, depending on 
th e  angle  of in c id en ce ,  and v a r i a t i o n  of power ac ro ss  th e  w id th  
o f  th e  t r a n s m i t t e d  and d i f f r a c t e d  beam s. At h ig h  e f f i c i e n c y ,  
t h e  beam  'b r e a k s  u p ' .  T he d i f f r a c t i o n  e f f i c i e n c y  h a s  a 
c h a r a c t e r  i n  b e tw e e n  c o - d i r e c t i o n a l  and c o n t r a - d i r e c t i o n a l  
c o u p l i n g ,  h a v in g  h o r i z o n t a l  t a n g e n t s  a t  t h e  z e r o s  o f  t h e  f i r s t  
o rder  B esse l  fu n c t io n s .
Such p r o p e r t i e s  were n o t  observed in  the  p e r io d ic  index 
waveguides f a b r i c a te d  because o f  th e  sm a l l  Bragg an g les  (0g<4®),
2 1 2
an d  s u b m i c r o n  g r a t i n g s  w e r e  f a b r i c a t e d  u s in g  h o l o g r a p h i c  
techn ique  to  d em o n stra te  th e  tw o e f f e c t s .  The tw o  p r o p e r t i e s  
were confirm ed by exp er im en ts ,  and th e  r e s u l t s  i n d ic a te s  t h a t  in  
t h i s  c a s e  t h e  o n e - d i m e n s i o n a l  c o u p le d  wave s o l u t i o n s  a r e  n o t  
a p p l ic a b le ,  and t h a t  th e  tw o-d im ens iona l coupled wave s o lu t io n s  
have  t o  be u sed  i n s t e a d .  B e t t e r  a g re e m e n t  i s  e x p e c te d  i f  t h e  
m odel i s  f u r t h e r  d e v e lo p e d  t o  t a k e  i n t o  a c c o u n t  t h e  G a u s s ia n  
p r o f i l e  o f  th e  in c id e n t  beam.
P e r i o d i c  s t r u c t u r e s  r e c u r  i n  many branches o f  ph y s ics .  
T hese  s t r u c t u r e s  a r e  u n iq u e  and i m p o r t a n t  b e c a u s e  o f  t h e i r  
s p e c ia l  p r o p e r t i e s ,  and i s  expected  to  p la y  an im p o r tan t  r o le  in  
th e  f i e l d  o f  ' I n te g r a te d  O p tic s ' .
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